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Cover Photograph 
Photomicrograph of Partially Formed Titanium Chip. 
Work material: RC 130B; Rake angle, 0°; Tool material, 18-4-1 HSS; 


Cutting speed, 40 fpm.; feed, 0.0104 ipr.; cutting fluid, none. 
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Preface 


This report has been prepared with two objectives in view: 

1.) To provide a general picture of the single point machining 
characteristics of titanium alloys for use of practical engineers in 
the workshop. 

2-) To provide results and discussion primarily of interest to 
those engaged in research. 

The introductory chapter should be of interest to both groups. 

The second chapter is primarily for practicing engineers and con- 
tains a summary and the conclusions of this report. The supporting 
data and discussion of these data are presented in the remaining chapters 
of the report and should be of most interest to those engaged in re- 


search into the machining characteristics of titanium alloys. 
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Chapter 1 
INTRODUCTION 


Titanium is a metal of the tin group. of the periodic table that 
resembles iron in many of its properties. Although: titanium is the fourth 
metal in abundance in the earth's crust,. it-is difficult to win from its 
ores due to its unusually high reactivity _at.elevated temperatures. Titanium 
dioxide or rutile (TiO2) and iron titanate..ar. ilmenite (FeTi0,) are the chief 
sources of the metal. At present titanium.metal is produced by chlorinating 


the ore in the presence of carbon-at high. temperature to form TiCl which is 
then reduced with molten magnesium to form MgCl, and titanium. The resulting 
sponge titanium is divided into small particles or. chips by milling, and 
separated from the excess magnesium and magnesium chloride associated with 
its reduction. It is then melted in arc furnaces..to make large ingots of 
titanium or titanium alloys. 

While titanium alloys have properties that. make them very attractive 
for certain structural applications, the high cost ofthese alloys in the 
past has precluded their use in engineering structures. Before the rela- 
tively recent interest in developing structural titanium alloys the chief 
uses of titanium compounds were as metallurgical. deoxidizers and denitro- 
genizers to improve the toughness.of steel.alloys, as white pigments in 
paints and ceramics,. and in dyes and mordants.for: paper and textiles. 

The structural alloys of titanium. are ductile, light in weight, and 
have good fatigue properties and corrosion. resistance... An idea of the 
general properties of titanium may be obtained from Table 1 where a number 
of characteristics of commercially pure titanium. are compared with those 
for SAE 1020 steel, 18-8 stainless steel. and 75ST. aluminum. The specific 
weight of titanium is but 2/3 that of steel.and only. 60% greater than that 
of aluminum. The strength of titanium.on the. other hand is far greater 
than that for aluminum being of the same order of magnitude as that for 
alloy steels. These weight-strength praperties of titanium alloys give 
them the highest strength-weight ratio of any structural material. Titanium 
is seen to be intermediate between steel and aluminum in tensile and shear 
stiffness. 
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Table 1 Properties of Commercially Pure 
Titanium and Other Structural Metals 


Property 


Structure 


Specific Weight Q; 
1lb/cu in 


Ultimate tensile 
strength (annealed) , 
psi 

Youngs modulus, E, 


psi x 10 A 


Shear modulus, G. 
psi x 10~¢ 


Melting point, °F 


Coefficient of linear 
expansion, per °F 
4 10 4 


Thermal conductivity, 
ky BTU/in 2 /secY(*P/in) 
x 10 4 


Specific heat, c 
BIU/1b/°F 


Volume specific heat, 
Rc, BIU/in.$ /oF 


Thermal diffusivity, 
K =F, , in ~/sec. 


kPc, (BTU/in *°F) */sec 
x 10¢ 


Metal 


75A SAE 1020 — 
Titanium Steel 


18-8 
Stainless Steel 


75ST 
Aluminum 


FCC 


0.10 


021 


-076 
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While titanium alloys have very high. melting points that would suggest 
great temperature. stability and high temperature strength.these alloys are 
somewhat disappointing. in this regard... The rapid decrease inthe yield and 
ultimate stresses of two titanium alloys is shown.»in.Fig..1 together with 
similar data for 18-8 stainless steel. Fig. 2 shows the rapid. decrease in 
Young's Modulus of .elasticity and hardness that accompanies an-increase in 
the temperature of a titanium alloy... The leveling off of the curves of 
Figs. 1 and 2 in the.temperature region. from $00. to.'700.F is..similar to that 
found in the blue brittle range with steel and is due-to:the:same cause 
(strain aging). 

The thermal properties of. titanium alloys are unusually poor, and 
account to a large extent for the difficulties that are. experienced in 
machining them. Before titanium alloys entered. the structural picture the 
stainless steels were the most.difficult materials machined from the point 
of view of adverse thermal properties. The. value of (kfe) which is the 
thermal combination of importance with regard to :tool tip.temperature was 
among the lowest values in. the stainless steels and this made: it necessary 
to machine these materials at reduced-.speads... Titanium is seen to have a 
far lower value .of (kfc). than stainless steel. and.hence must be machined 
at even lower values.of speed. While the thermal conductivity and specific 
heat for titanium are about the same as those for. 18-8 stainless steel, the 
very low specific weight for titanium makes .the.value of (kfc) much less 
than that for stainless steel. 

The coefficient of expansion of titanium alloys is low, being even 
less than that for steel. 

Pure titanium has a hexagonal close packed. (HCP). lattice structure at 
room temperature, similar to. that. found in..cadmium, zine,. and magnesium alloys. 
An allotropic transformation occurs at. about 1625F where: the low temperature 
HCP structure changes into a body centered.cuhic structure. (BCC) similar to 
that found in iron and steel at ordinary temperatures... These allotropic 
forms of titanium are designated OC and. 7 respectively and the change 
from one to the other occurs relatively slowly... 

Titanium alloys in the medium alloy..range.(3 to 10% alloy content) 


usually consist of mixtures of the oc and. structure at :room temperature 
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due to the tendency for alloying additions: to make the Ci 2 oC transforma- 
tion more sluggish... When the alloy content is high (i.e.,.15 to 20% Cr) 
completely G titanium alloys can be produced that are the: structural 
counterparts of the austenitic stainless steelsin. steel technology. 
Practically all of the. present titanium.alloys of commercial interest are 
a mixture of the HCP and BCC structures... It.is. difficult to differentiate 
from CG titanium in a photomicrograph, but. polarized light is heipful in 
this regard. 

The atomic. arrangements for the. HCP and:.BCC structures are shown in 
Fig. 3. The chief importance of crystal structure. lies: .in the influence upon 
the flow and fracture characteristics. of the material. Plastic deformation 
results from the movement of one layer of. atoms over another rather than due 
to the change in:spacing of atoms within a.plane...Any plane that can be 
passed through the atoms in the lattice is a potential slip'»plane. However, 
those planes that contain.the greatest density of atoms (and hence those for 
which the spacing of adjacent planes is ‘a:maximum) will. be the planes on 
which slip can occur most easily and the directions of easiest slip will lie 
in the directions of maximum atom density within the plane. 

In a polycrystalline material the lattice structures of individual 
crystals will be oriented differently, and.in order’ that: a.material deform 
at low stress and be ductile it is necessary. that there be a‘ large number 
of planes and directions of easy slip. 

The number of planes and directions of. easy slip is.usually less in the 
case of HCP materials. such as zinc, cadmium,..and magnesium than for those 
materials that have a BCC structure such.as..iron...In addition to slip, HCP 
materials frequently deform by twinning, a- mode of deformation normally not 
as readily influenced by temperature as is. slip.. .The HCP materials are 
usually less ductile than iron. Normally the basal.plane-ABC A'B'C! 

(Fig. 3) is the plane of easiest slip for.HCP. metals, and-there are relatively 
few of these planes. However, in the case of titanium, the. relative value 

of c to a is sod small that the prismatic planes ABDE are actually planes 

of easier slip. (i.e., have smaller spacing). than are the basal planes. 

There are many more prismatic planes than basal -planes.and:. hence HCP titanium 
is far more ductile than would be expected from the fact that it has a HCP 
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structure. As the alloy content of a titanium alloy is increased distance 

ec increases relative to.a.(Fig. 3). In most. commercial titanium alloys we 
have a mixture of the HCP and BCC structures, and:.since.the HCP material in 
titanium is of a more ductile variety we should expect the flow and fracture 
properties.of titanium alloys to more closely resemble those of BCC iron than 
those of ordinary HCP zinc. The low alloy content titanium alloys that 

have an oC structure are not very ductile. but. retain, their strengths to 
higher temperatures. than do the more ductile alloys that consist of the of 
and C arrangements. 

The position with regard to titanium alloys might be summarized approx- 
imately as.follows.. In order .to obtain materials of. high strength and 
ductility for structural purposes. it is necessary to. make-alloying additions 
to titanium.. These slow down the@ — OC. .transformation.to such an extent 
that either a pure oe structure or.an OC.and. @ .strueture-results. The 
greater the amount of the C phase the. .greater will.be.the tendency for the 
strength of the titanium to decrease.with increased. temperature. It would 
thus appear that..high strength titanium alloys are predominantly materials 
that have a strong tendency to show-.a decrease in strength with increase 
in temperature. At room temperature these materials deform predominantly 
by slip and should be expected.to exhibit. flow and fracture characteristics 
similar to those of steel. 

While commercially pure titanium-undergoes..an allotropic transformation, 
it cannot be hardened by heat treatment. .It can, however, be hardened by 
cold work and it is found that the titanium alloys have about the same 
tendency to work harden as ordinary structurak steels. ~The difficulties 
experienced in machining and grinding titanium alloys cannot therefore be 
attributed to an increased. tendency to work harden. 

The chemical -composition of the titanium:alloys of this investigation 
is given in Table 2. The 75A alloy is the commercially pure material while 
the other alloys might be.characterized as alloys.of::low,: medium, and high 
strength respectively... While this material has an ultimate strength of 
104,000 psi, really pure titanium would. be. mach softer and have an ultimate 
tensile strength of only about 50,000 psi... While Ti.'75A cannot be heat treated 


Ss sia 
4 iss 

Baz eo. a od 
j 

7 < 

a : 

y 

2 P: 
4 _ } 
AD co's 

i 


‘, . ou eo | 
seek j reg aie 
¢ ’ ” 
? i 
PGAAg Mra bY B 1O La iW GORA Ors ae _ 
as ‘ae ow | "rei. # oF awhtets ae ae 
: + hn aad Pes A hie A © 


' ¥ enniao fka ,Setuyarmuta - | bas SOR eG ie ete 
es Be 
atk wit foeare bi + Bw Ye IT elitoul efem o To 2m is 
“— ¢ 
cui? iia . eron of aypllis gaara? Te, 


mperst 2 a wolifa af? , ee Si eructtines: zs 

woe Thedgs tbe 4: . cow Jon een @eEeoiniss - 
NO Se Bye: fouj. sro eit ob nett mena % | + 

: (25 oS Sper 

‘i 

tS jPinrae.e8 tiipis cy , ovigaric of Beapesaioey faethe 


= 
hha Htgaeade detd.to of: cholo of. 2abee mia niictvs 


a 


shea hithhe untvotie: even | 22g f if 288nging stotaows 104 
e deere of aed ry “t Be ntl moh wake a 

PY , Bigot ener 5 s wtepcote SO eh = 
: ae 

6f2 TOD vouskned nat 2 £3 LelseetD ) paste x \ ong to Joona 
Biugy J] erutategns! Dbesssiea. 2 seeryeh of minim dS atit % 
pdb )celek yitmuimstery ere ayolis mudaatit dy a dps pi 
sp serorni- Ad De (hired ries OL. SEs S205 oe ot RIOT oe 
Wis tieisoessG.% tolen siacsteats S13. Lud BES eee mort sh 


asiverivesvostahi: Gyvines7 i wh 2 5 ox bet oaqee.e¢ biueda 


sfeitaristngens sinettelLia a eeor bi. ailabias acai wetaaiuencue 
aan 


yd bencitiad s8— coreg! ,sa0 {1 dion eott cand Set Beebe eee 
ee ee 0, | i 


chat | 


> f ue. ! ae 

‘eazy ads tenes yas eveiiea seriaed it oA Sart bwTO® we a2 4 ves 
Pah 

eats fic £225 eAlT  <oleote dstutornwe <tactiio ee cuba nde 


i 


tate x i a. 
beirene Hrow ed yarehriat £45 agerant § 


tite; iceval alet Io naps apinggtt aad ke aol]? : Legis 
Cidw Ea beatmas Seis “ifistussmmo off ak volts — ae? ott . Se 
dy 4 bee pmb laee ywol 29 cay h ie ae box brosuetado Bo ‘aime 

> Hipesate etemie er ae. ead le ted ant. alae eshte eit 


nt hy Py i 


ech ts i.) aya hou Tata tf het Pm eunal putanpat: 4 : bis a <iiae | 


at exolerrei? fommas aywlie maskin Li gatiales dfs Se 


“ ih 


Table 2 Composition of Titanium Alloys Investigated 


Alloy 
Designation 
Ti-75A 

Ti~1lOOA 
RC-130B 
Ti-140A 


it can be work hardened, and the effects of work hardening can in turn be re- 
moved by annealing at about 1250F. Another nonheat-treatable alloy is Ti 100A. 


Titanium that has been highly worked by rolling, drawing or other means 
will develop a pronounced texture or preferred crystal orientation as will 
other metals having a HCP structure. In the case of rolled © titaniun, 
the prismatic planes of slip (ABDE in Fig. 3) tend to become aligned with 
the direction of rolling and this results in a greater strength in the 
direction of rolling than in the transverse direction. 

The effects of cold working titanium can be removed by a full strain 
recrystallization treatment. This can be accomplished by heating the 
material to 1100 to 1300 F for up to one hour. A strain relieving treatment 
without recrystallization can be given a titanium part by holding it ata 
temperature between 650 to 1000 F for up to one hour. 

Alloys that contain relatively large quantities of chromium, molybdenun, 
aluminum, manganese,..or iron in solution can.be quenched and age hardened. 
In this case the chromium and iron tend to stabilize the 6 (BCC) form of 
titanium at room temperature. For example, the Ti 140A used in this investi- 
gation is seen in Table 2 to contain 1.80% Cr, 1.70% Mo and 2.04% Fe. These 
additions make it possible to harden the alloy by adjusting the cooling rate 
in the range from 1700 to 1400°F where the fa) -—oc phase transformation 
normally occurs. The RC 130B alloy is seen in Table.2 to contain manganese 
and aluminum as the principal alloy additions. 

Amounts of carbon up to 0.15% will remain in solution and will increase 
the strength of the alloy without loss of ductility. The small carbides 


that form with carbon contents between 0.15 and 0.20% are reported to have a 
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grain refining tendency and hence may be beneficial... A carbon content in 
excess of 0.2% is generally conceded to be objectionable due to the high 
abrasive wear associated with the titanium carbides that precipitate 
throughout the matrix. 

Titanium has some interesting chemical. properties. Its normal valence 
is four and the metal is characterized by a strong tendency to react with 
compounds containing nitrogen, oxygen, carbon and halogens, particularly at 
elevated temperatures. This makes it difficult to refine titanium since it 
has a strong tendency to react with the usual: refractory materials. 

At elevated temperatures nitrogen and oxygen diffuse readily into 
titanium. Hydrogen will also diffuse into titanium alloys and cause em— 
brittlement. For this reason it is important that hydrogen not be used 
in furnaces as. an inert or reducing atmosphere. 

The titanium alloys. have excellent corrosion resistance toward most 
chemical reagents and are completely immune to attack in sea water. 
Hydrofluoric acid is about the only material to attack titanium alloys at 
ambient temperature and this. acid is used in metallographic etches for 
titanium alloy surfaces. Titanium alloys are attacked by sulfuric and 
hydrochloric acids at elevated temperatures but are completely safe from 
attack in nitric and other oxidizing acids. Titanium probably owes its 
good corrosion resistance to the presence of a close-knit oxide film that 
forms immediately upon a fresh titanium surface. 

The mechanical properties of the titanium alloys of this investiga- 
tion are summarized in Table 3. Standard laboratory test procedures were 
used in collecting all of these data. 

True stress-strain tensile curves are.shown..in Fig. 4. The slope 
of such a curve in the region of plastic strain is the best measure 
available of the tendency for a material to. strain harden. Here it is 
evident that titanium alloys have only slightly greater tendency to 
strain harden than ordinary steel. Normally a neck forms on a tensile 
specimen for a ductile material at a strain of about 0.2 in/in. In the 
case of all fitanium specimens the strain at rupture was close to 0.2 in/in 
and there was essentially no neck formed. The titanium alloys tested 


were significantly less ductile than steel specimens of comparable hardness. 
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Table 3. Physical Properties of Titanium Alloys 


Yield Pointer Ultimate® 


Young's % % Area Brinell 
Material psi psi Modulus Elongation Reduction Hardness 
| x10; psi 


72,000 


Ti-75A 


104,000 21,0 
Ti-100A Th. 5500 90,000 214 
RC-130B 139,000 148,000 319 


Ti-140A 142,000 140,000 


1. Yield = stress at..0.2% offset 


2. Engineering ultimate stress = maximum load divided by initial area. 


Torsion data are. shown plotted in Fig. 5 and these results are in general 
agreement with the tensile curves of Fig. 4. The Ti 100A material is seen to 
have a lower flow stress in.torsion as well as in tension. The fact that the 
hardness of the Ti 100A specimen is lower than that of the Ti '75A specimen 
is in agreement with both of these observations.. From Figures 4 and 5 it is 
possible to rate the particular materials tested in this investigation in 
order of increasing flow stress for large plastic strain approximately as 
follows: 

Ti-1O0A 

Ti-75A 

Ti-140A 

RC—130B 
The cutting forces should be expected to lie in this same order, and we 
shall later note that this is the case. 

Notched bar impact data obtained:at different test temperatures are 
shown in Fig. 6. These data were obtained on standard Charpy impact 
specimens. The impact strength of Ti-140A is seen to be unusually good and 
similar to steel. This could be due to the high Cr and Mo content of this 
alloy which will tend to provide a mixed & - CG structure and hence one 
that contains less of the HCP material which is not as ductile as the Ya) 
structure of ordinary steel. The other titanium alloys have relatively 
poor impact strength at ordinary temperatures. 


Gre fooy ¥liseuhuny ad oF ‘Hoe ar Persad to 


é ber. % rn . tS i‘ Pe 
nseex of faivetam AGL LT otT 3A .8 iT k6 sever elinmaed sad ae * 
Z 


nomtoage ACY £T ent to Jadt nadt tewol #2 oseinece AGE BF odd 


¢? uned,. ' 
j BAP 
sn Me AL ths A ot tt oe 
ie ne 
ay 
fh 


a red 


r 

. a > - ; Sus P out a.) +® 
sath z & a*sauot Oras iu Sgotod Lielft 
focheAi sossagneis Aral vbaM tec £eq 


~ me oe ee ye he Nise ia 4 Teac gma 7 OE DIES ——> ea eo lt amen! | a 

rs acc ear} ou “00. 3 
H 7 : 

F - ' ; ‘ ; _“ 

et, ie ie i at : {¥ ee 8 t R403 

‘ F«; 

‘ “ ? j r, Pm ane r 

“ : €.al ; * } } ¢ CByb.3. ( OO Ves 
: F : ’ 

i 7 ost | d.O6 | OOO,GKI 000, Sit 

—— te en CaraevaT et newt re eve ne a 7 — — - “ ee te 


actinalimesndhane haat mumedieands naan - 


Joatic B8.0 ania fi 


ers. Leizsick yo befivib hacl overixam = eaertte GPRRIOLG nk re 


ape 


a 


ce rs * Cs j oy d 

ota adivast seeds bos ¢ .3!% at betiolg avode. OfR B2an ae 
. —_ 
. , . ey _. 
tadd $531 O4f ..Gofenes af ca Llow 28 aplerol si-eeenre wolt 
os - 7 : tyr r 

Ji @ Bue A eoctelt most .aactiasytoedo saedd To ead Oo Ee 

mt cotteyiteevet eidt at beteet eleluatam velitsieaig eee eons 

2h Yiateotixoagest aigtvya oitnata outed tot eqette ond einai: 


| 


| 


ov bins <10hto anne & ids “ wie os bar geqne ad b IO 
08nd sad ob aia. 

HTL zetodeTegmed tod Some Wns J¢. benkerdo atab re ted wen 
toaged yaredO Brebaste ao bettietde ore arab D ned rc a 520 


ik 9 
7 on 
Be he te as 


: 


i 
if 


mal 


Smo sonen bite seer ao OS pix te ca pes ¥ 
se od? ga eibtens ee son at io ttte fetvedsa 
tlevitelet ever ipo dia wkend 3S cain 


aay 


ty 8 


Meyer hardness data are given in Fig. 7 for the titanium alloys as 
well as for other materials. This test.is. believed to tell little regarding 
the strain hardening tendency of a.material. These results are presented 
only to illustrate the misleading nature of the Meyer exponent. The slopes 
of the curves of Fig. 4.give the true modulus of strain hardening by 
definition. The lack of agreement between. the slopes of the curves of 
Fig. 4 and the Meyer exponents of Fig. 7 can only: mean that the latter are 
a poor measure of strain hardening. Stainless steel (18-10) which is known 
to have an unusually high modulus of strain. hardening is seen to have a 
Meyer exponent about equal to that for. 4140 .steel-which in turn is known 
to have a much smaller tendency to strain harden. 

While thermal conductivity and specific heat are properties of titanium of 
major interest.particularly with regard to cutting tool temperatures there 
are surprisingly few values available. in the. literature, particularly for 
high values of temperature. It was therefore decided to determine the 
temperature variation of these thermal properties. for a number of alloys. 
This was done in.a specially constructed apparatus. Determinations were 
made to temperatures of 1000F for thermal. conductivity and 1500°F for specific 
heat. The resulting curves of thermal conductivity vs. temperature were 
approximately straight lines, and results are given in Table 4a for titanium 
alloys and other metals. The thermal gonductivities of the titanium alloys 
were found to be slightly less than that for.commercially pure titaniun, 

- but the values for all titanium alloys are relatively small. Values of 
specific heat are given in table 4b. 
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Table 4a Variation of Thermal Conductivity (k) in 
BIU/in*/sec/(*F/in) with Specimen Temperature (+t) in °F. 


Material Thermal Conductivity x 104 

Titanium Alloys 

RO 55 k= 3.05 - 0015 t + 76x10 °t 

Ti 75A (specimen 1) k = 3:1 — .O00017t 

Ti 75A (specimen 2) k = 2.75 - .00018t 

Ti 130A k = 1.88 + .00035t 

Ti 150A (specimen 1) k = 2.25 

Ti 150A (specimen 2). k = 2.0 

Ti 140A k = 2.22 
Armco Iron k = 10.3 - .O0049t 
SAE 1045 k = 6.75 — .0015¢ 
Carbides 

CA~2 (steel type) Kkrwee 25... 00Lt 

CA-4 (C.I. type) k = 16.5 ~,01t + 4.5x10 ~*t* 
High Speed Steels 

T-1 k = 5.05 - .0005t 

M-1 k = 4.90 - .5x10 “t* 

M-2 k = 4.50 - .0002¢ 


M-10 k = 4.50 + .00025t 
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Table 4b Variation of Specific Heat and Volume Specific Heat 
With Specimen Temperature (t) in °F. (From measure-— 
ments made in range from 70 to 1500F). 


Material Specific Heat (c), BTU/16/°F 
Ti 75A 0.122 + 4x 107" (t-70) + 6 x 1077 (t-70)* 
Ti 150A 0.116 + 5.8 x 10° (t-70) + 4.5x 10 7) t~70)” 


Volume Specific Heat SC BTU/in Yor 


Ti 75A 0.0198 + 6x10~* (t~70) + 10°7 (t-70)* 
Ti 150A 0.0192 + 9.3 x 107° (t-70) + 0.7 x 107” (t-70)* 
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Chapter 2 


Recommended Turning. Practice 


In this chapter, recommendations for the efficient turning of titanium 
alloys are given based.upon the experiments and reasoning presented in sub- 
sequent chapters. 

In chapter one the physical and chemical. characteristics of titanium 
alloys were reviewed. Those properties.of. titanium that are significant 
with regard to its machining. characteristics follow: 

1. Low value of the product of thermal conductivity and volume specific 
heat (kPc) which gives rise to high tool temperatures when titanium is 
machined. 

2. The tendency for the strength of titanium alloys to decrease with 
increase in temperature. beginning at relatively low temperatures. 

3. The tendency for titanium to. form strong bonds with other metals. 

4. The tendency for titanium to react with.nitrogen, oxygen and 
carbon at elevated temperatures to form very hard and abrasive surface products. 

5. The low stiffness of titanium alloys as. reflected by low values 
of Young's Modulus of Elasticity. . 

6. The relatively low ductility of titanium alloys. Anil ca 

The procedures to be followed in machining titanium alloys differ from ; 
those commonly in use for steels of the same hardness and strength in but 
one important respect. The optimum speed.for a titanium alloy will usually 
be but about 1/3 that for the comparable. steel due. to the. very poor thermal 
properties of titanium. The types of tool wear found in titanium machining 
are similar to those for steel. For example..when.machining titanium alloys, 
tools are found to crater excessively when the speed is too high (particularly 
for the stronger alloys) and to chip excessively at the cutting edge when the 
speed is too low (particularly for the softer, weaker alloys). Tools used 
to machine steels are found to behave in the same way. The Taylor tool 
life equation is found to hold for titanium. alloys in the practical range 
of speeds, just as it holds for steel. The relative machinability of the 
titanium alloys of this investigation are.as follows, withthe machinability 
of 1045 steel taken as 100%: 
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Ti 100A 70% 
Ti 75A 65% 
Ti 140A 35% 
RC 130B 30% 
1045 steel 100% 


This means that the tool life of Ti 140A will be the same as that of 
1045 steel if the speed used to machine the titanium alloy is 35% that 
used to machine the steel. As a good first approximation of titanium 
alloy may be successfully machined if all variables are fixed at values 
to give good results for 1045 steel with the. exception of speed which 
should be in proportion to the foregoing machinability ratings. 
In order to be more specific concerning the conditions under which 
a titanium alloy should be machined we will consider each of the important 
variables in turn and recommend good average values.. It should be 
recognized, however, that hard and fast rules cannot be cited and that 
the quantities recommended represent only a good point of departure. 
For a specific application values on either side of the recommended values 
should be tried and tested for improved performance based not on improved 
tool life or increased productivity but upon minimum cost per part. The 
items of cost to be considered in deciding when a change results in more 
efficient machining with regard to cost include: 
1. Cost of machine and operator during time required to make cut. 
2. Cost of machine and operator while changing tools prorated over 
number of parts produced per grind. | 
3. Cost of reconditioning the tool prorated over the number of parts 
produced per grind. 
Analytical expressions for use in determining optimum speeds and feeds 
based upon minimum cost are presented in the later chapters. 
Tool Geometry - The following tool geometry should give good results 
with a carbide tool under average machining conditions: 
Back rake angle 0° 
Side rake angle 10° 
Clearance and relief angles = 5° 
Side cutting edge angle (SCEA) .= 10° 
Nose radius = 0.02 in. 
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For very heavy roughing cuts (large feed) or interrupted cuts, the side 
rake angle should be reduced.to zero or -—5° while at the same time the 
SCEA is increased. to.from 30 to 45°. For light finishing cuts the side 
rake angle might be increased to 15° and the nose radius increased to 
-03 inch. For.HSS tools, the average side rake. angle should be from 

15 to 20°, and the SCEA about equal to the. side rake angle. Otherwise, 
the tool geometry should be the same as. for.a carbide. tool. For very 
rigid conditions, rake angles as. high as 25° and SCEA's as high as 30° 
may be beneficial with HSS tools. 

Tool Material - In general carbide tools are preferable to HSS tools 
in machining titanium. Only at speeds below 10. or 20 fpm should HSS tools 
be considered. Under normal conditions, when rough machining at the feed 
and speed corresponding to minimum cost, the..steel cutting grade carbides 
will give best results. These include the following manufacturers 
designations: 78C, K2S, TO4,..CA5, etc., all of which are supposed to be 
equivalent. When finishing or otherwise machining at high speeds, (speeds 
>150 fpm for titanium alloys) the cast iron. grade carbides will give 
better results. Carbides of this type include K-6, 883, HA, CA4, etc. 

If cast iron grade. carbides are used.at cost.optimum speeds they give 
poorer results. than: steel cutting grade. carhides due.to excessive chipping, 
while if steel.cutting grade carbides.are used.at.higher. speeds they give 
poorer results than. the cast iron grade carbides.due to excessive wear. 
When HSS tools are.indicated, tools of the T-15 type give far better 
results then either the M-2 or T-1 varieties. 

Maximum Wear.Land — An important. criterion with regard to the use of 
any tools has to do with the maximum wear land: that may be used without 
danger of sudden: tool. failure and attendant increase in scrap loss and 
tool reconditioning cost. Ordinarily HSS .tools of normal clearance can be 
used to a .060 inch wear without danger of sudden failure, while carbide 
tools are taken out of service and reground when the wear land reaches 
0.030 inch. In the case of titanium it is advisable to revise these values 
downward, regrinding carbide tools after a 0.015 inch wear. land has appeared 
and HSS tools after a .030 inch wear land is present. If. these values 


prove satisfactory the wear land should be cautiously increased until it 
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becomes apparent that a further increase will give danger of an occasional 
catastrophic tool failure. 
Cutting Speeds and Feeds - With carbide tools cost optimum speeds will 


correspond approximately to the following representative values: 


Ti 75A and Ti 100A 180 to 200. fpm. 

Ti 140A 100 fpm. 

RC 130B 85 fpm. 

1045 steel 275 fpm. 
Corresponding speeds for HSS tools follow: 

Ti 75A and Ti 100A 50 fpm. 

Ti 140A 30 fpm. 

RC 130B 25 fpm. 

1045 steel 90 fpm. 


These values represent good speeds to start with in roughing operations 
where cost optimum.feeds are of the order of 0.010 to 0.015 ipr. For 
finishing operations, where best feeds are of the order of 0.005 to .008 
ipr, higher speeds should. be used. 

Cutting Fluids - While commercial cutting fluids fail to reveal a 
Significant effect upon the rate of tool wear, water base cutting fluids 
tend to increase the wear land that can be used without danger of sudden 
tool failure. It is recommended that. a copious supply of a water base 
cutting fluid be used when machining titanium. alloys with either a carbide 
or HSS tool. 

Chip Control - Chip disposal is normally. not a problem in machining 
titanium alloys due to the low ductility of these materials. Ordinary chip 
breaking arrangements are adequate but. in. many cases unnecessary for satis— 
factory chip control. 

Finish - The finish produced on machined titanium surfaces is in general 
superior to that obtained on steel of the same hardness. The high speeds 
required with steel to produce good finish are not necessary with titanium 
due to thé fact that titanium does not tend to form a large built-up edge 
even at low speeds. 


Vibration — Titanium has a tendency to excite chatter in cutting tools 
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due to the tendency to form either discontinuous or inhomogeneous chips. 
The latter type of chip while appearing as a continuous ribbon to the 
naked eye is made up of segments separated by regions of large strain. 
Inhomogeneous or discontinuous chips will give rise to higher maximum tool 
temperatures and provide an increased opportunity for welding between chip 
and tool. Accelerated tool wear will result. Chips suspected of being dis- 
continuous or inhomogeneous should be observed under the microscope and 

if this is the case, speed, feed or tool rigidity should be altered to 
provide a continuous and homogeneous chip. The low stiffness of titanium 
makes it difficult to machine thin sections that are unsupported without 
chatter. 

Hard skin - Workpieces that have been forged or worked at temperatures 
above 1000 to 1200 F are apt to have a hard skin of titanium dioxide or 
titanium nitride due to the tendency for these products to form when 
titanium is heated in air. Excessive tool wear will result unless certain 
precautions are taken. The depth of cut should be sufficient to penetrate 
the skin. The feed should be as large as the strength of the tool will 
allow. This provides a minimum length of tool travel per unit axial length 
of bar. A low speed will usually be necessary to limit the temperature to 
a reasonable value (since temperature varies with both feed and speed). 
Feeds in excess of 0.05 ipr may be used at speeds of the order of 10 fpm. 
Under such conditions HSS tool life is comparable with that for steel grade 
carbides (which are superior to the cast iron grades under such conditions). 
While HSS tools wear more rapidly than carbide, the allowable wearland is 
greater, and the net result is that tool life is about the same. The lower 
cost of HSS tools. makes it advisable to use them under such conditions. 

Titanium containing oxygen and carbon —- An increase in the oxygen con- 
centration of a few tenths of a percent has a detrimental effect on tool life. 
This is true regardless of alloy content. In the stronger alloys poor tool 
life is also. obtained when the carbon content is greater than about 0.2%. 
If an alloy containing large amounts of oxygen and carbon must be machined 
it is advisable to adopt a large feed, and correspondingly reduced speed in 


order to minimize abrasive wear. 
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Low speed machining — When for any reason. it is advisable to machine 
at low speeds, (1 to 10 fpm), either carbide or HSS tools may be used with 
titanium alloys. While greatly accelerated wear rates result when steel is 
machined at low speeds with carbide tools, such is not the case for titanium 
alloys machined with carbides. 
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Chapter 3 
Theoretical Background 


In this chapter a number of the fundamental quantities of interest 
in connection with any metal cutting investigation.are presented and 
briefly discussed... These. concepts will.be.applied in the discussion of 
specific titanium and. steel data in subsequent chapters. 

In machining any.work material we are interested in knowing the 
relative magnitudes of each of the following quantities and why they may be 
relatively high or low. 

1. Life.of cutting. tool 

2. Surface finish produced 

3. Accuracy.of. finished part 

4. Forces and. power involved in making..a-cut. 

The overall performance of a work.material. with regard: to..these quantities 
is vaguely referred to.as its machinability and some sort of machinability 
index is frequently assigned to the material,::the-one.most frequently used 
being the cutting speed to give a certain tool life, as for example the 

60 minute tool Life (VY) Such a rating ignores items 2, 3 and 4 and gives 
only an approximate picture of item one. 

In the absence.of.a. good machinability index it is best: to study the 
fundamental guantities that control the-cutting. process and compare the 
individual magnitudes of each item for any new.material. with. the corresponding 
quantity for a-well known material such.as..steel... In» this. way a feeling for 
differences and similarities can be..quickly obtained. and a rather thorough 
familiarity with the new material established. 

Some of the fundamental items of interest in. understanding the cutting 
performance of a.given: work material inelude. 

1. The*physical.and chemical properties. of. the material. 

2. The physical manner in which chips are produeed ‘and. the 

geometry. of chip formation. 

3. The forces and energy involved in making a cut and the resulting 

stresses. 


4. The friction. characteristics on the .tool face. 
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5. The tendency :.for metal to transfer and remain:.on the tool. 

6. The nature. and characteristics.of.teol.wear. 

7. The temperature. on.the shear plane and along the..tool face. 

Item 1 is obviously of importance in all.four.aspects of.machinability and a 
rather complete picture of. the physical and chemical properties of titanium 
alloys have been.given in Chapter 1...Items 2.to 7 have to .do with tool life 
in one way or another, while items 2 and. 5 have to. do-with the surface 
finish produced. ..(Item.2 is of importance.to. finish inasmuch as it may 

give rise to tool vibration.) The accuracy of .the finished part will of 
course depend on tool vibration (items 2 and 4),the extent of the built- 
up-edge (item 5), .the amount of tool wear..that is allowed -before.the tool 

is reground, (item 6), elastic deflection of the. tool (item 3), and the 
thermal expansion of the workpiece: and machine tool resulting from the heat 
generated in eutting.(item 7). 

It is thus geen that machinability is .a.very.complex.concept that 
means different things to different people. -There need be little wonder 
why machinability cannot be expressed in terms..of a single index. 

Chip Formation .- In machining steel.and other: ordinary structural 
materials the chips produced are in the form.of a continuous ribbon, 
individual segments, or some combination of these. extremes where cracks 
extend part way across. the chip. In continuous.chip formation the material 
is deformed in.simple shear and the process .can:.be analyzed: analytically 
for stresses, strains, etc. In the case.of. purely discontinuous chip 
formation the chip is produced by a complex. process resembling extrusion 
and this process cannot be treated analytically (3)...The intermediate 
type of chip can be treated analytically to a degree of approximation that 
depends upon the extent of crack formation. in:the.chip. ‘Normally ductile 
materials yield continuous chips while normally brittle.materials such as 
cast iron and beta brass.yield discontinuous: chips. 

Since titanium and its alloys are.not.particularly ductile at room 
temperature (Fig. 4) it is not surprising to find discontinuous chips at 
low cutting speeds (i.e., for low temperatures)... At higher..cutting speeds 
the material becomes sufficiently ductile, due-to the rise in temperature, 


to produce chips in the form of continuous.ribbons. However, these chips 
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are normally quite different in appearance. from ordinary continuous chips 
in that the strain in them is not uniformly distributed.but'is largely 
confined in certain bands (4). 

When cutting. at high speeds, the material.adjacent to-a potential 
fracture plane (i.e.,. at a weak point) becomes.very hot in the case of 
titanium alloys due to the rapid rate of..energy input.... The strength of 
titanium and its alloys falls off quite rapidly at. elevated temperatures 
as illustrated in Chapter 1. (Figs. 1 and 2). Thus, at high speeds, 
"thermal softening" may overcome strain hardening". to the extent that the 
process becomes. unstable. That is, when.strain.in any given zone reaches 
a certain value, the material within this.zone. becomes so. hot that further 
strain makes the material behave softer, and. if. the Joad:is maintained, 
strain will continue in that zone. Fig. 8.shows.a chip.which was formed 
in this manner, and. plastic strain is. seem. to be distributed in an in- 
homogeneous manner.. Chips of this type seem: to be peculiar’ to titanium 
and its alloys and the inhomogeneous chip represents a third basic type 
distinctly different from the purely continuous and discontinuous types of 
chips. 

The discontinuous type of chip that is. .obtained. when.titanium is cut 
at low speeds is shown in Fig. 9. While this chip is composed of discrete 
segments, it is mechanically in one piece since. the. segments have rewelded 
together following fracture.. The distinct difference between the chips 
of Figs. 8 and.9.should. be noted. 

At certain intermediate speeds a continuous chip, such as that of Fig. 10, 
can be obtained... However, the exact. conditions for obtaining and maintaining 
continuous cutting are difficult to find when cutting titanium alloys. 

Whenever either a discontinuous or. a-non-homegeneous: chip is obtained, 
the peak forces. will be larger than the. mean; peak temperatures will be 
very high; and there.will be a period of.zero:reiative motion between chip 
and tool. These conditions favor the formation of strong:welds and will 
therefore lead to excessive tool wear. 

Tool Vibration -— Whenever we observe: discontinuous: or non-homogeneous 


cutting, we also observe tool vibration.. The.question immediately arises, 
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if the tool and workpiece were perfectly rigid, could these types of chips 
obtain. Unfortunately. present theory.will lead. to either a yes or no 
answer, depending upon particular conditionsy also:.an infinitely rigid 
experimental set-up is obviously not available. for :-test. .However, several 
indirect observations. definitely show that.tool: rigidity does influence chip 
formation. 

The spacing: of the regions.of large.strain.insan-inhomogeneous chip 
is about equal to the feed,.and the cutting force-is.found to vary significantly 
over each cycle... The frequency of this force variation is found to be 


approximately 


f= — » cps (1) 
5t 


where V is the cutting. speed in fpm and t is.the:.feed:in ipr. For a lathe 
cut at 200 fpm and 0.004 ipr feed, the frequency is found to be about 
10,000 cps. Such high frequency force fluctuations: can .excite natural 
modes of vibration in the machine tool. and:.cause poor finish. Or, they can 
lead to surface fatigue of the tool face and high rates of wear. 

If the equation of motion governing tool. vibration: in the direction 
of cutting velocity is written, it is found. that ‘the: slope of the i vs V 
curve appears as a damping coefficient, where .F. is.the power force 
component and V is :the cutting speed. However, since.the slope of this 
curve is generally negative, when machining. titanium, we: have a case of 
negative damping.and a self-excited vibration. may result. Fig. 11 shows Fo 
vs V curves for a series. of feeds when machining. Ti 140A.: Note that in 
general the curve. has a steep negative slope, then tends. to level out and 
then again exhibits a.steep negative slopea.. If the curve should have a zero 
or positive.slope over a wide enough speed: range, the. tool would tend to be 
stable. Thus the tendency for stability is seen- to increase with decreased 
feed and will vary with cutting speed. 

The similarity between the shape of the curves of Fig. 11 and the 
curves of Figs. 1 and 2 showing the variation of yield stress or hardness 
with temperature is striking. In general there is a region of low slope in 
the central portion of the plot for each of the two. types of curves. The 


region of low slope for the yield stress and hardness vs temperature curves 
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occurs in the region from 500 to 700 F and:is.due-to. strain aging. 

As a vibrating.tool cuts, the cutting. speed varies. It has been 
shown by Salje (5) that tool life is a direct.function of the maximum 
cutting velocity, i.e., the mean velocity. plus .the..wibrational velocity. 
It is important then that we cut with a minimum of tool vibration 
regardless of the type of chip that is produced. 

For a given.set. of cutting conditions, a.more. rigid tool-workpiece 
set-up will always. give lower vibrational. velocities. In the zero slope 
region of the. F..vs V curve, the greater. the.rigidity the less will be the 
variation in -velocity, and the less.chance for.reaching the negative slope 
portions of the. curve. Thus, high rigidity. will: limit. vibration .and can 
in certain circumstances. eliminate it. 

In summary. it.may be.observed that it-is most desirable to have a 
continuous chip. In. general this will .not.be.obtained in machining 
titanium alloys.. The tendency toward. chip. continuity can be increased 
through metallurgical changes that reduce. the.degree of thermal softening 
(for case of inhomogeneous chips) or by effecting. an-increase in the 
shear-strain required for fracture (for case of discontinuous chips). 

If discontinuous chips are obtained it is important to limit tool vibration 
as much as is possible. This is best done .by. maintaining high tool and 
workpiece rigidity, and if possible, by operating near. the zero slope 

portion of the as vs V curve by properly selecting the speed-feed combination. 
It is more important.to have a rigid set-up when machining titanium alloys 
than when machining other metals due to the unusually steep nature of the 
strength vs temperature. curve. 

Cutting. Forces.and Energies — The forces involved.in cutting may be 
measured by means of a sort of spring balance. or dynamometer that is intro- 
duced between tool and machine in order. to measure. the components of force 
to which the tool is subjected... A lathe dynamometer is shown in Fig. 12. 
Here, a 5/8 inch square tool bit is show projecting from the end of a 
heavy circular member. When the tool. is.subjected to a vertical or 
horizontal force the circular member: bends: very«slightly. This elastic 


deflection causes a resistance change in.strain..gages mounted on the circular 
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member and connected in the form of a bridge.circuit. The. output from 

the bridge circuit when amplified is recorded. directly in pounds upon a 
moving chart. The vertical component of force..which.is oriented tangentically 
to the workpiece is termed the power force.F since.it is responsible for 

all of the power consumed in making a cut... The axial force component in 

the direction of feed is at right ne snot eno is designated Fo: The 
geometrical relationship between eee ener, and Po and the 


shear plane and tool face is shown in Fig. 13.... 


When the cutting force components ae and F. are known, togéther with 


Q 
the shear angle (f) and rake angle (0c ) it.is possible to.compute several 


quantities of interest..by. application. of the -simplest. principles of geometry 
and static mechanics (6). Some of the more.important of these quantities 
follow. . 

1. The mean.shear (‘7) and nommal.(O-) stresses..on. the shear plane are 
obtained by dividing the. tangential and-normad::components ofthe resultant 


cutting force on the shear plane respectively. by the. area of the shear plane. 


UN ww ; 2 sin a a. 
y= (F, cos # - Fy sin 9) ae ) » psi (2) 
- sing 
O- = (F, sing + Fy. cos BZ) (aH pee (3) 
2. The shear strain in the chip (6) is 
5= cot g + tan (g -oc) (4) 
3. The coefficient of friction.between .chip..and. tool ty) is 
us FA + F..,tan oc 
he ig RO? Sabi a 
— #} Oc 
F,7- Fg tan (5) 


4. The amount of energy consumed in. the shear process: per unit volume 
of metal cut (u,) is 


oe ee » in 1b/cu in (6) 
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5. The amount of energy consumed in overcoming friction on the 
tool face (up) is 
c 
ae Hilal aun ee-aieiand inc) /V, » in 1b/cu in (7) 
f bt 
where Les is the velocity of the chip relative to the tool face. 


6. The total energy per unit volume consumed: in cutting (u) is 


F 


oe in 1b/eu in (8) 
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The derivations leading to these quantities are. well .known. (6) and need not 
be given here. 

Friction of Titanium.Alloys -—.The modern view of friction recognizes that 
all surfaces are rough on a microscale. and. that mating. surfaces touch only 
on their high points. The points of contact.are:. plastically deformed under 
load to produce a real area of contact (A,)..that.is distinguished from the 
apparent area of contact.(.4). The relation. between the applied load (N) and 


the real area (A,) follows 

N=a7 Ap (9) 
whereGy is the flow stress of the material. constituting a high point on 
the surface. Welding or adhesion occurs. at. mating high points and the 
force required to rupture such welds is the friction force:(F). For clean 
surfaces 

F= 74, | (10) 
where J is the shear stress required to break the weld. The.coefficient 


of friction for clean surfaces will be 


—* tee 11) 
N o~ Vis ( 
deak y 
An effective lubricant will contaminate -some of the real area (A,) and 
decrease the shear stress to a lower. value '7), « If oc is: the fraction of 


the real area that is contaminated then 
and 
7) 
Us oO< ee ee A noe) 2 T" (13) 
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To be effective the lubricant must adhere strongly to the surface. 
Most monomolecular films of long chain polar compounds are effective 
lubricants for moderate loads. For the heaviest loads such as those on 
the face of a tool a very strong bond is required and..probably a layer of 
considerable thickness. In such cases the low shear strength layer is 
usually achieved by having the fluid react chemically with the metal 
at the points of contact to form solid reaction products of low shear 
strength such as metal chlorides or sulfides. 

The friction characteristics of titanium alloys have been extensively 
studied by Dr. E. Rabinowicz in the Lubrication Laboratory at M.I.T., and 
certain important differences have noted.between.the.eharacteristics of 
titanium sliders and those of other metals. 

When two like metals (other than titanium) are slid together in dry 
air the coefficient.of friction is usually. about.one. .The.coefficient of 
dry friction of unlike metals is usually. much. less. and of the order of 
0.2. When a steel rider is caused to slide.over.a titanium surface the 
initial coefficient of friction is found. to be about: 0.2 but very quickly 
this value increases to about 0.45. The value of the coefficient of friction 
of titanium on titanium is also 0.45 and.it- is. evident that°a:layer of 
titanium has quickly formed on the steel. surface and.completely covers it. 
From this point on we have titanium sliding on.titanium.:. As a particle of 
titanium is plucked from the steel surface another takes its place. The 
layer of titanium that is built up is not only found to be quite complete 
but also very thin. 

All metals give the same coefficient. against titanium as. steel after 
a short time, as long as their hardness is. above a.certain value. For very 
soft metals such as lead the particles of titanium:that. transfer become 
embedded in the softer metal and a thin. layer.of lead spreads over the harder 
particles to provide a greatly decreased. shear strength (4), but increased 
flow stress (7%) and hence a low value of coefficient of friction. When the 
junctions giving rise to friction are broken. they break in. the weaker lead 


layer for the most part. 
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The polar lubricants that absorb on most.metals and give lower friction 
are completely ineffective on titanium as are the extreme pressure types of 
fluids that react chemically to produce a low shear strength layer. The 
failure of the usually.effective polar compounds is believed:to be due to 
the strong tendency for titanium to react with oxygen to produce a Tid, 
layer on the surface. The oxide which carried the opposite electrostatic 
charge from a clean metal surface .will.nat produce strong polar bonds 
with the fluid molecules. The chemical type, .extreme.pressure lubricants are 
probably ineffective for the same reason titanium alloys are so corrosion 
resistant, which is also believed.due. to. the. speed and compactness of the 
oxide layer that is formed on titanium. . Graphite. bonded:to.a titanium surface 
with a resin and certain fluorocarbons have..been. suecessful in: lowering the 
friction when steel slides on titanium. Certain fluids of.very: high 
viscosity that would not be expected to react. with titanium have also been 
somewhat successful in lowering frictiaon.. This may be due:to. the reduction 
in the rate of diffusion of oxygen through the very visions fluid in the 
Vicinity of a sliding titanium surface. 

In summary, the dry friction of titanium on. titanium is found to be 
considerably less than.for most pairs of similar. metals. This, however, 
is not due to any tendency for titanium to refrain from bonding to other 
metals. On the contrary, another metal surface is very quickly coated with 
a titanium layer. This layer is quickly .oxidized and then we have a pair 
of titanium oxide surfaces sliding one over the other. The presence of a 
strong compact oxide film prevents the usually effective boundary and 
extreme boundary lubricants from being effective. 

Wear and Metal Transfer ~ When one metal slides over another the 
surfaces contact each other only at the highest points. and the junctions 
that are formed give rise to a friction force as already described. As 
the junctions are broken material is transferred from.one surface to the 
other since the junctions do not always rupture:at the. exact points where 
they went together. For each junction that is made there.is.a probability 
that the breaking of this junction will result. in-a wear particle. This 
probability will depend upon the metals. in contact and the lubricant. that 


is present. If one surface is harder and.stronger.than the.other then the 
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probability of a particle being plucked from the. harder. surface when 
a junction is broken will.be less than.the probability that a wear 
particle will be pulled from the softer surface. 

It is found experimentally that.when wear..occurs in an. orderly 
fashion the particles are quite small and-of.fairly uniform size (volume). 
The volume worn away on either surface. (W) shouldbe expected to be equal 
to the product of the total number of encounters. and. the probability of 
an encounter resulting in a.wear.particle,:.thus 

en verngsh $3 (14) 
where L is the actual sliding distance A, is..the real area of contact 
and k is a constant (proportional to the probability mentioned above and 
a function of the metals in contact and the lubricant present). The quantity 
A, L will be proportional to the total number.of contacts that correspond 
to a sliding distance L. From equation -(9) we may eliminate A, and obtain 
W=k zh | (15) 

Burwell and Strang (7) have shown that. the quantity (k/cjZ) is a 
constant for a given material combination regardless of the.distance of 
sliding (L), the sliding speed, the hardness of the.metal surface, and the 
applied load (N), as long as the applied load .is below a-certain critical 


value (N.); where 


A b (16) 

Here, A is the apparent area of contact gga fx is the bulk yield 
stress of the softer of the pair of metals in. sliding contact. 

The nature of the experimental results obtained is shown in Fig. 14. 
Here it is seen that equation (15) holds very well until N/A: exceeds ig: ; 
which for steel is about 1/3 the Brinell hardness but for softer metals may 
be 1/4 to 1/6 the Brinell hardness. At this point the wear becomes 
catastrophic since the high points on the. softer. surface are pushed into 
the underlying surface and there is a sudden increase in the. real area of 
contact (Ap) - 

It is interesting to note that the coefficient of friction was the 
same for all values of W/A in Fig. 14 including those in:the catastrophic 
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wear region. Since from equation (11) the coefficient of friction is the 
ratio of the shear. stress to hardness (7/°y) it follows that in general 
when ‘7? changes, 7y also changes by approximately the same amount. It is 
because of this fact that the coefficient of friction is independent of 


the rate of wear and hence cannot be used:..te infer anything with regard 


to the wear characteristics of a system. 
Tool Wear — In the case of.a cutting tool, wear occurs on either the 


clearance face or chip face, and must involve. the: uniform non—catastrophic 
type of wear corresponding to equation (15) for a reasonable tool life. From 
this well established relationship we should .expect..the volume of’ tool lost to 
vary directly as the load between the work material..(or chip). and tool and 
the length of surface that passes over. the tool surface: (L). 

In addition to the transfer type of wear described above, metal may 
also be lost from a tool due to: 

1. <A plowing action of. hard particles of built-up edge or in the 
matrix. This is most pronounced at low cutting: speeds when the 
built-up edge is likely to be large. 

2. A chipping action in which particles. that: are.larger than those 
in transfer wear (although still small) are broken from the 
tool from time to time as welds are broken. . 

3. Corrosion of the tool. due-to.the.action of sulfur or chlorine 
containing additives upon the tool. This is:most common in 
the. case of carbide tools where.over-active additives sometimes 
attack and etch away. the cobalt, binder in the carbide. 

In addition to these gradual methods of tool. breakdown, tools may 
fail suddenly as a result of overheating or softening: (particularly carbon 
and HSS tools) or due to actual breakage... If.a.tool fails due to over-— 
heating a reduction in cutting speed is most effective.in. reducing the 
amount of heat generated per unit time. .The feed may also be reduced but 
is not quite as effective in reducing the temperature as is the speed. The 
tool temperature is rather insensitive to changes in depth of cut as we 
shall see in the following section. A water base cutting fluid may sometimes 


lower the tool temperature. 
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If a tool fails by rupture this indicates either a force on the tool 
point that is too high or an included tool angle that :is too small. A 
decrease in rake angle or feed will usually .tend. to.reduce tool breakage. 
Instead of decreasing.rake angle over the..entire tool.face.it is sometimes 
sufficient to stone a small secondary rake..surface of decreased angles on 
the tool face near the cutting edge, thus leaving. the main: portion of the 
tool with the larger original rake angle. Also, an increase«in side 
cutting edge angle may be necessary in order to. prevent breakage at the 
end of a heavy—eut as the tool breaks through the surface;~ Sometimes a 
crater will form on the tool face, starting not. atthe :tool. point but at 
a position removed from the tool point at which the temperature is a 
maximum (Fig. 15). As the crater it extends to the cutting edge 
and has the effect of weakening the tool by. reducing the included angle. 
When a large crater develops on the tool surface,-failure by rupture across 
the point from a region of stress concentration. in ‘the base. of the crater 
is frequently observed. The tendency for a tool.to. crater. can usually be 
reduced by an increase in rake angle (to. lessen.the stress.on.the tool 
face), or by causing a decrease in tool face..friction. Although the friction 
force usually decreases with speed, the ratio between :the wear rate on the 
chip and clearance faces of the tool is found to increase with increasing 
cutting speed, and hence most tools crater significantly at high speeds. The 
remedy to be applied. to tools that fail prematurely due.to overheating, large 
scale breakage or excessive cratering is usually. evident.. It is the gradual 
type of tool wear on the clearance face that.is-not persistent and difficult 
to combat. 

The wear land that develops on the clearance surface of the tool 
(w in Fig. 15) is a convenient measure of the amount of gradual tool 
wear on that surface. Tools are frequently reground when the value of w 
equals some definite value such as .015, 0.030 or 0.060 in, the lower values 
generally being used when the hardest materials are: cut with: carbide and 
the highest values being used when soft metals. are. cut with.HSS tools. If 
the tolerance on the part cut is severe a low value of w will generally be 
used. It is of course important that the limiting value.of w be reached 


in any case before the crater becomes sufficiently large*to. allow tool 
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breakage to occur. 

If the length of work material passing the tool point (L) is plotted 
against the size of thé wear land (w) curves of the type shown in Fig. 16 
may be obtained for different values of cutting speed (V). At speed V3 
after an initially rapid breakdown of the..cutting point, a gradual wear of 
the clearance surface occurs in accordance. with equation (15).. The volume 
worn from the clearance face.of the tool (W): is related to: the wear 
land (w) as follows: 

Tay 2 
We bw tan } (17) 
where b is the depth of cut (distance perpendicular to the paper in Fig. 15) 
and } is the clearance angle of the tool. 
For constant values of b and } equation (17). becomes 
= const. w? (18) 
If this is substituted in equation (15), then .for values of normal load on 


the clearance land less than N.3 


L = const. W? (19) 
N 


If the normal force on the clearance land is. proportional: to w then we obtain 
the linear relationship 

L = const. w (20) 
If on the other hand the normal force on the wear land is independent 
of w then 

L = const. w* (21) 
Curves such as those shown in Fig. 16 are often linear (eq. 20) but are sometimes 
found to be parabolic (eq. 19) as in the case of titanium alloys. Curves 
Such as those of Fig. 16 are sometimes not exactly smooth, but show frequent 
non=periodic vertical jogs resulting from chipping (i.e., the formation 
of unusually large wear (particles) from time to time. It is important 
to note that in general the L vs W curve is not a straight line but is inter- 
mediate between the straight line of eq. (20) and the parabola of eq. (19). 

As the wear land develops, the cutting forces increase. Should the 
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value of the normal force on the wear land satisfy eq...(16), due 

for example to N increasing linearly with w while the.workpiece hardness 
decreases with rise in temperature, the. wear..rate will increase suddenly 
as at point A in Fig. 16. The value of L-.corresponding to point A is 
practically the same for complete failure. of .the tool and tool life has 
frequently been defined as the value of L-(or.the cutting time or cubic 
inches of metal removed or other equivalent measures of the basic 
quantity L) for complete tool breakdown... This tool life definition has 
been most widely used for HSS tools... For carbide tools tthe value of L 
corresponding to a certain value of w has.been.more widely adopted. When 
such a definition is used it is important that.tests be. run all the way 
to ee in order to be sure that point A is not reached..before Lila is 
obtained. The fallacy of running a short-time test..to point B on the 
curve marked V, in Fig. 16 and extrapolating these results to w to obtain 


4 


* 
Li is evident. (L corresponds to the value. of L when i is obtained.) 


In this case catastrophic wear sets in almost immediately beyond point B. 
When values of life (L*) defined either in terms.of complete failure 

or a given wear land wae are plotted against cutting speed on log-log 

coordinates an approximately straight line is obtained (Fig. 17) at elevated 


cutting speeds, i.e. 


weé+sB (22) 


where A and B are constants. 

This curve fails to hold at very low speeds due.to-the increased tendency 
to form built—up—edge and the chipping that results when. the BUE is removed. 
It is more.common to express tool life in. terms of the cutting time (T) in 
minutes corresponding to a given length of travel tu) in feet. Since 


* 


L =Vvt? 
then from eq. (22) we have 

v(vt)" = B (23) 
or 

y/A +1. pl/A +1 (24) 


This is seen to be equivalent to the familiar Taylor equation. 
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Vr = C (25) 
which also plots as a straight line on log-log coordinates where n and C 
are other constants.. In the discussions of this report .to follow we shall 
use equations (22) and (25) interchangeable. 

In studying the development of a wear land the question of just what 
value to use arises.whenever the wear is not. uniform along the cutting edge. 
Frequently the wear land will have the appearance.of Fig. 18 which is a 
plan view of the.clearance surface.. Here the wear land -develops more 
rapidly in the vicinity of A than elsewhere. .We have:found the maximum 
wear land to give a more consistent picture of tool performance than the 
mean wear land, and consequently have adopted the.maximum wear land 
as the criterion of tool life. Also, from a weakest link point of view 
it should be expected: that the maximum wear land would be most signifi- 
cant. 

When a tool: wear curve is plotted for a titanium alloy cut with a hard 
carbide a plot such as that shown schematically..in Fig. 19 may be obtained. 
In the case of a normal steel test the curve will usually be more linear and 
the vertical jogs in the curve will not.be. nearly so pronounced. These 
exaggerated jogs have been observed to be. due to non-periodic chipping that 
occurs in a rather random manner, the tendency.of chipping being a function 
of the material machined and the tool material and geometry. The resultant 
wear curve up to point A is made up of three parts. 

1. A rapid initial breakdown 
2. Gradual uniform wear 
3. The chipping out of particles larger than those produced in 
uniform wear. 
At point A the catastrophic wear rate sets in:and. the tool fails rapidly. 

It has been found convenient to separate the three types of wear and 
to study them independently. In this way a .better view of the life that 
can be achieved in the absence of chipping and initial breakdown can be 
obtained. The dotted curve represents the wear curve that would be obtained 
in the absence of initial breakdown and chipping. The portion of the curve 
extending from B to C is seen to correspond to a portion of the dotted 


curve displaced. 
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In order to illustrate the type of curve that. Fig.19 is meant to 
represent a specific example will be considered for a Ti. 140A specimen 
machined with a very. hard carbide tool at 150 fpm (Fig. 20). An unusually 
large jog occured at. point A due to chipping,.but the equivalent portion 
of the wear curve from B to C (Fig.. 20) was immediately resumed. At a value 
of w of about 0.015 in. catastrophic failure..began. 

From the observations of a large number of.wear.plots it has been 
found that the gradual wear curve when machining titanium is parabolic 
corresponding to eq. (21). displaced an amount equivalent to the initial 
breakdown. The gradual wear curve that has. been found applicable when 
machining titanium is 


L = const.(w* - w,) (26) 


where w, is the value of w corresponding to initial breakdown. The specific 


equation of this type for the data of Fig. 20 is 


Bie a6epx.0° (Wa: —a9x10°) (26a) 
and is shown by the dotted curve in Fig. (20). For this example the 
following values obtain: 


Lo = -317 
L* = 1600 
Lat = 3750 


This means that the 0.015" wear land life would be 3750 ft if no 
chipping or initial breakdown occurred. Comparing this with the actual life 
it is seen that initial breakdown and chipping..are responsible for an 
unusually large.reduction in the life of the tool. This, however, is to be 
expected for such a hard tool with zero degrees side cutting edge angle. 

The foregoing method of analysis is far more revealing. than the conventional 

tool life analysis... In the example considered. chipping. is responsible for a 

49% reduction in-life.from that potentially available while initial breakdown 
is responsible for an 8% reduction in the.potential life. 
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Wear Tests on Titanium Alloys — In order. to study. the wear 
characteristics of different tool material — titanium alloy combinations, 
a special test apparatus was devised in the hope..that it would speed the 
testing. A piece of titanium about 3" diameter was mounted in the lathe 
between centers and a light cut taken from. the surface with a clean carbide 
tool in order to clean the surface. The apparatus. shown in Fig. 21 was then 
swung into place and a wear test made. 

The wear apparatus: consisted of a rigid. arm pivoted on bearings, 
(A) mounted on a.bracket, (B) attached to the .crass:.slide. A dynamometer (C) 
capable of measuring vertical (N) and tangential (F) components of force was 
mounted on the arm, and a specimen holder (D). which: held a 1/4 inch diameter 
specimen (F) of tool material, with its axis at..right angles to the work-— 
piece axis, was attached to the dynamometer. Normal:load was applied by 
placing weights (F) at any point of the arm. The wires show connect the 
dynamometer bridge circuits to the strain recorder used.to automatically 
plot forces F and N as the test proceeded. The 1/4 inch diameter specimen 
was fed along the axis of the workpiece.at. such a rate that new material 
was continuously traversed... The temperature at: the work - tool interface 
was measured by the thermoelectric technique used in cutting to be 
presently discussed. 

The nature of the wear scar left on. the. tool.specimen after a test 
is shown in Fig. 22. The volume of material. removed.(W) is related to 
the major axis of the elliptical wear scar.(2a).,.and. the diameters of the 


two specimens (d) and(D) as follows: 


Misnigalee ey (27) 
13.46D - 


or since d was always 1/4 inch 


W ileal : (28) 
26.9202/2 


Representative wear data obtained from this apparatus are shown in 
Figs. 23 to 25. In Fig. 23 test results using K-6. carbide against Ti 140A 


are shown. The rate of wear is seen to have a general.linear trend, but 
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to deviate from this general trend significantly for short periods of 
time. The vertical jogs in the wear curve. are.believed to result from 
chipping or the loss of relatively large.particles of tool material from 
time to time, while the. horizontal jogs are the results of the development 
of a built-up protective layer. It.was generally found that a period of 
zero or slight wear was followed by a.sudden..loss of material as the pro- 
tective layer became. so large as to be unstable. ..In Fig. 24 the results of 
tests at three speeds are plotted together.to..show. that unlike the wear in 
cutting this wear is approximately independent..of sliding speed. The data 
of Fig. 25 show results for different tool materials. where it is evident that 
HSS exhibits less rapid wear than the carbides, and particularly the very 
hard carbides... Ae 
The results of Figs. 23 to 25 resemble those obtained in cutting at 
very low speeds... Under such conditions 
1. Carbides will wear more rapidly than HSS 
2. Wear rate will be independent of speed since surface temperature 
are so. low that temperature. is not the. quantity of paramount importance 
3. Wear is very erratic alternating. between a slow rate when a built— 
up protective layer is being formed by .a.smearing action and a 
more rapid rate when this layer leaves the: surface and chipping 
occurs. 
The basic difficulty with this sort of wear test lies in the fact that 
the same temperatures are not reached as in..cutting when the speeds are the 
same. For example, in one that operated at.a normal load of 9 pounds and a 
speed of 160 fpm, the coefficient of friction was observed to be 0.62, 
while the mean contact temperature was but 465F. In a cutting test at this 
speed the temperature on the face of the tool wowid have been several times 
this value (see representative values in Chapter 5). The intensity of shear 
stress on the wear surface is of a much lower order than in cutting and as 
a result there is a greater tendency for the softer metal to smear onto the 
harder surface and to build up a protective layer which upon leaving causes a 
chipping type of wear. In cutting, the surfaces are cleaner and the greater 
mean shear stress causes the protective. layer to be largely swept from the 


surface as fast as it is built up. The appearance of the wear area resembles 
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that found on a cutting tool at very low cutting speeds. Thus, for several 
reasons the wear characteristics in the wear test at speeds in the nornal 
cutting range resembles those for.a cutting tool operated at a very much 
lower speed. 

The gradual rate of wear (dotted curve) of Fig. 20 may be compared 
with that of Fig. 23 since these tests were.run under comparable conditions 


except for the method of test. From equations (17) and.(26a) we have 


L = 16.7x10° ect 

1/2( .06) tan(5) 

if the initial breakdown of the tool is ignored. From this equation the 
volummetric wear per foot (W/L) is found..to..he :0..16x107~”. ou in/ft. From 
Fig. 23 the value of (W/L) is found to.be.0.64210-’.cuin/ft. Thus the 
rate of wear in the wear test is seen to be greater than:that found in a 
cutting test at the same speed... This may..be explained by the fact that 
the rate of wear of cutting tools is.normally .greater.at very low speeds 
than at moderate speeds... The tool life ~ speed curve will normally be as 
shown in Fig. 26. While the wear rate for the.cutting test corresponds to 
point A (low wear rate) the value for the wear test might be at point B 
(high wear rate) due to the equivalent speed being so much less for the 
wear test. The fact. that very hard tool materials.yield higher rates of 
wear in the wear test (See Fig. 25) is in keeping with the..concept of a 
low relative speed, since very hard carbide tools frequently give poorer 
life than softer. tools when .operated at.very. low. cutting speeds. 

In view of the major differences that exist between. a friction-slider 
and the surface of a cutting tool further. tests on the wear apparatus were 
not made. It was considered preferable to. study the. wear..characteristics 
of the actual cutting process instead. 

Tool temperature - The temperature at. the tip.of a cutting tool is ex- 
tremely important with regard to tool life. «The. cutting: speed is the single 
most important operating: variable.having an influence on tool life, and the 
chief effect of cutting..speed in turn resides..in its: influence upon the 
temperature of the. cutting tool. 

A relationship. connecting tool temperature with other quantities of 
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greatest importance may be obtained by a simple application of dimensional 
analysis which is a useful analytical tool in certain engineering subjects 
notably fluid mechanics. We begin by listing. all variables influencing 
the temperature together with their dimensions in .terms..of the fundamental 
set: temperature (@), length (L)., force (F), and time (T): 


Table 5. Dimensional Analysis for Tool Temperature 


Symbol Quantity - Dimensions 
6, Mean tool face temperature a) 

u Total energy per unit volume FL~” 

v Cutting speed tr? 

t feed L 

k thermal conduetivity of work pr tet 
fre volume specific heat of work reo 


Careful study will reveal that this.is the total list of variables 
of primary importance for a tool of fixed. geometry.:.. For example it should 
not be difficult to see that the depth of cut (b) is relatively unimportant. 
Upon performing the dimensional analysis. following the usual technique (8) 
we obtain 


pe. Jed A (1 for vat ) (29) 


where id is some function that cannot be determined by dimensional analysis. 
It is found experimentally that to a good. approximation when 


6, Pe is plotted against ved Re ct_ }on log-log coordinates a straight line 
as. rare 
is obtained having a.slope:.of -0.5 and hence 


as (As 22) coal = constant. (30) 
= const u (31) 
V KP 


If we had been a little more astute we should have noted that in 
heat transfer problems involvinga moving heat. source, k and fe are 


always associated as the product (kP ¢c) just as the quantities 
E (young's modulus) and I (moment of inertia) come into all elastic 
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deflection problems as the product (EI) but in no other. way. If then the 
dimensional analysis were repeated using (k Pc) in place of (k) and (fe) we 
end up with but one dimensional group and hence 


at. [Le baelgceiete | | (32) 
u vt 


which is identical with equation (31) and.obtained without recourse to direct 
experiment. ; 

Equation (31) is useful in understanding the influence of workpiece 
hardness and strength (u), workpiece thermal properties..(k fc) and of 
speed (V) and feed (t), upon the mean tool temperature. The thermal group 
(kf?c) of the.workpiece.is.seen to be the.important quantity with regard 
to tool temperature.. It is revealing to consider the.relative tool 
temperatures to be expected for the materials. listed below. 


Table 6. Values of u and (kfc) for several metals 


Metal us in lb/cou in x 10° (k Fe), (BTU/in2°F)?/sec x 10° 


1020 steel 0.3 27 
75-ST Aluminum O.1 34 
140A Titanium 0.3 6.4 


If each of these metals are cut with the same feed, at a speed to give 


the same tool temperature, the corresponding speeds.will stand in the ratios: 


2 
Veg 4 Pons \ (st) = 2 
Vote \¥F Sst be 


Thus, if a speed of 500 fpm gives a tool temperature of 1000 F when cutting 
steel, the corresponding speeds to give the same temperature for aluminum 
and Ti 140A would be 

V..= 5650 fpm. 

Ving = 120 fpm. 

It is seen that whereas aluminum may be machined at a very high speed 
relative to steel, titanium must be machined at a.relatively low speed com- 
pared with.steel. The reason that titanium alloys must:be machined at such 
low speed is seen to lie in their unusually low values of (k Pc). 
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While the foregoing treatment represents a.useful first approximation 
a more elaborate analysis can be performed that introduces several other 
secondary factors influencing tool temperature. .Such an analysis has been 
given in a recent publication (9) but only a qualitative picture of what 
is involved will be given here. In the more..elaborate analysis it is 
recognized that heat is dissipated at two important negions in the 
vicinity of the tool point, 1) along the shear plane and 2) along the 
tool face (see Fig..27).. The assumption that.all of..the shear energy 
is converted into a quantity of heat (Q,) on. the shear plane while all 
of the frictional energy. ends up as heat (Q,). on the tool face is a good 
one. If R, is the fraction of the shear plane heat.going into the chip, 
the remainder (1-R, ) Q) flows into the workpiece. By equating the mean 
temperatures along the shear. plane computed as points in the chip and in 
the workpiece respectively, expressions for Ry and the mean temperature 
on the shear plane (6.) may be found. Similarly, by equating the tempera- 
ture rise at the tool face. computed first as a point in the chip and then 
as a point in the. tool, the quantity R., 


temperature rise at the tool face. The mean tool face temperature (0,) 


may be found together with the 


is then the sum of the mean shear plane temperature (0.) and the mean 
temperature rise at the tool face. Four important quantities result 
from the more elaborate calculation: 


1. Fraction of shear. energy Ae ees (R,) 

2. Mean shear plane temperature (0.) 

3. Fraction of tool face energy going to chip (R,) 
4. Mean tool. face temperature (6,) 


From the more elaborate analysis it is found that the depth of cut (b) 
has a very small effect... The mean tool temperature.also decreases slightly 
as tool conductivity increases. 

The mean tool temperature (0,) can be measured. experimentally by 
measuring the thermoelectric emf generated at the interface between a tool 
and dissimilar work material. The usual arrangement for making such 
measurements is shown diagramatically in Fig. (28) where the hot junction 
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of the thermoelectric circuit is at h while cold junctions are at a and c 
with intermediate junctions at b, d, and e. As long as the temperatures 

at a, b, c, d, e remain constant the emf measured with the recording 
potentiometer.(P) will be a measure of the temperature at. h. The amalgamated 
copper disc which rotates in the mercury cup provides a means for completing 
the circuit without the use of a slip ring or brush system.of possibly 
variable contact resistance. 

With most carbide tools the emf developed at the brazed junction 
with the shank becomes noticeable as soon as heat reaches this point. 
However, this spurious voltage can be compensated by making the wire of (a) 
of alumel and attaching it directly to the carbide. Since alumel happens 
to have very nearly the same thermoelectric properties as most carbides 
the effect of temperature changes at the brazed joint are reduced. 
Furthermore, temperature equilibrium is reached at the tip of a cutting 
tool in a fraction of a second, and usually the temperature reading can 
be obtained long before the brazed interface.has an opportunity to 
become heated. 

There are two fundamental difficulties: associated. with the use of 
thermoelectric data. One lies in the fact..that..the. chip-tool interface 
actually consists of a large number of junctions each-of which generates 
its own thermoelectric emf. These miniature thermocouples are connected 
in parallel and the value measured is some. sort..of. average value, the 
particular average obtaining depending upon the.nature and extent of the 
stray currents that flow between adjacent. thermoelectric junctions. 

The second. difficulty is associated.with..the-presence of a transferred 
layer of buiit-up material upon.the tool face....Such a layer when present 
removes the corresponding junctions from the measurement since there is 
no longer a dissimilar pair of metals at the interface. However, the 
dissimilar metal interface is not removed entirely but is merely transferred 
to a point where the temperature is lower due..to the. steep temperature 
gradient that. always obtains near the surface.of a cutting tool. The 
result of a built~up layer is to yield mean..temperatures that are too low. 
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Despite the two objections discussed above the thermoelectric 
measurements appear to agree quite well with computed temperature values 
provided the speed is sufficiently high. so that no large amount of built—up 
edge is present. 

In order to convert measured values. of..emf.to temperature values, 
each tool—work combination must be calibrated... This is readily accomplished 
by use of the apparatus shown in Fig. (29). A-long piece of work material 
in the form of a chip is placed in a bath of.molten metal near the tip of 
a long piece of tool material (direct contact need not be made). A standard 
chromel—alumel junction is placed close to the chip and tool and the metal 
bath heated by means of an electric heater. ..One recording potentiometer 
measures the emf from the standard couple while the.other measures the 
emf from the chip—tool couple to the nearest.0.1 mv. The cold end of the 
tool must be kept at constant temperature. This is most easily accomplished 
by brazing several pieces of tool material together to provide a long "lead". 
The cold end is further kept cool by means of a damp-cloth. It is usually 
convenient to use a. long enough length of chip..so that the cold junction 
correction at the cold end of the chip offers no problem. The sign of the 
thermoelectric emf of HSS against steel.(or Ti) is opposite that for 
carbide against steel (or Ti). Calibration curves for several tool-workpiece 
combinations are given in Fig. 30. 

Since calibration curves are inconvenient to obtain attempts have been 
made to decrease the number of curves required. One of these is the two-—tool 
thermocouple technique of Gottwein and Reichel. By this method two tools 
of widely different composition are used simultaneously. Then, if the 
temperature at both tools is the same the potentiometer reading will be 
independent of the work material and will depend.only on the tool materials. 
A single calibration of one tool material against the other will then 
suffice for all work materials. 

Unfortunately, the basic assumption on which this method is based, 
namely, that the temperatures at both tools will be the same, is false. 
Chip-tool interface temperatures are dependent upon the tool materials due 
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To the different friction and thermal properties. pertaining to each tool 
material. The set-up is-.not only complicated but the useful speed is 
limited by the weaker of the two tool materials which is usually HSS. 
While the two tool method has been used in Germany as an acceptance test 
to check the uniformity.of material to be machined it is not a useful 
research method and will not be used in this investigation. The single tool 
thermocouple method already described will be used -instead. 
Representative values of cutting temperatures.and their interpre- 
tation will be presented in Chapter 5. 
Lemperature and the Tool Life Equation - The Taylor equation 
(eq. 25) expresses the relation between tool life in minutes (T) and 


cutting speed in feet per minute (V). If we differentiate this equation 


we obtain 
at L av 
oes 4 (33) 


This says that the percent change in tool life is proportional to the 
percent change in cutting speed, the factor of-portionality being (2). 


In most cases the value of n is of the order.of 0.1 which then means 


that the percent change in tool life is about.10.times the corresponding 


percent change in speed. pe ba 

In the speed range where the Taylor equation. holds (i.e. for speeds 
above say 100 fpm) the temperature plays a very important role in de- 
termining tool life and it is for this reason .that small changes in 
velocity have such.a large effect on changes in tool life. From 
equation (31) it is evident that tool temperature varies as yi/2 and 
hence from equation (25) 


ne aL 
Oy 


If n is equal to 0.1, then tool life is seen. to vary inversely as V to 


Tool life (T)~ 
Vv 


the tenth power (another way of saying what was said above in terms of a 
percentage change) but.inversely as 0, to the twentieth power. Small 
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changes in tool temperature thus normally give.rise to very important 
changes in tool life. This effect is seen to be the more pronounced as 
the value of n decreases. 

Actually the value.of the exponent n in the Taylor equation (eq. 25) 
may be considered a.measure of the degree of importance of temperature re- 
lative to tool life. At low cutting speeds. tool life is independent of 
cutting speed. In this range of cutting speeds. the exponent in the Taylor 
equation (n) will be one. This may be seen as follows. Since the tool 
life (L*) in feet is related to tool life in minutes: (T) as follows: 


L* 
Das (35) 
then upon substituting for T in the Taylor equation.(25) we have 
n 
A 


The only way L* can be -.independent of V is for n to.be one. Thus, the 


Taylor equation for slow speed cutting reduces to 


L* = constant. Csi 

As the role of temperature becomes more. important the value of (n) 
in the Taylor equation decreases. In most cases. values of n are found 
to range from 0.05 to 0.2. The magnitude of n does not depend on the 
absolute tool temperature alone but really reflects the importance of 
temperature upon. wear relative to other causes.such as general affinity of 
the metals, abrasiveness, or cleanliness of the-surfaces. On the other 
hand, the constant CG in the Taylor equation depends directly on tool 
temperature. (C is the value of speed corresponding to a one minute 
tool life). Thus, we normally find that values. of n for HSS tools are 
slightly less than corresponding values for carbide tools, while the values 
of C for these two materials differ by a-factor of about 3. The following 
are representative values for n and C for HSS and carbide tools respectively 
when mild steel is machined. 
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Table 7. Representative values of.n and C.in Taylor Equation 


Tool Material Ne Cc 
HSS . eis. 200 
Carbide o15 600 


Inasmuch as we have found. that titanium gives unusually high tool 
temperature we might expect to find unusually. low values for n and C 
in the Taylor equation. While C is found to be about 1/3 that for steel, 
the values of n are nearly the same as those for.steel. This is due to 
the fact that. although C depends directly on the influence of temperature, 
n reflects the influence of temperature on wear. relative to other causes. 
Since titanium has a. very strong tendency to bond to steel as well as to 
yield high cutting temperatures the resulting values of n turn out to be 
very close to those for steel when either a HSS or. carbide tool is used. 

Machining Economics - In choosing the. operating variables to be used 
in any machining operation we are usually not interested in obtaining the 
longest possible tool life or in operating at the shortest possible cycle 
time. However, we are interested in producing a piece with satisfactory 
surface finish atthe. lowest possible cost. In roughing operations the 
question of finish usually does not arise. and we»will consider a roughing 
operation first. Gilbert (10) has presented an..equation for the tool life 
corresponding to minimum cost and-this is.derived below. 

In computing the maching cost per part, four items should be 
considered: 

1. Cost of machine and operator including overhead for time to make 
cut (Tc). If x is cost of machine in ¢/min, then. cutting cost per part 
is (x Tc). 

2. Cost of machine and operator during time required to change work— 
pieces. If idle time to change work is .(Ti) then work changing cost per 
part is (x Ti). 

3. Cost of machine and operator during down time (Td) necessary to 
replace worn.tools. The cost of tool replacing time per part will be 


To 


x Td “Tr where T is the tool life, Tc is the time to cut one part and 
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hence T/Tc is the number of parts produced per tool. 

4. Average cost to regrind work tools (Y¢). Tool reconditioning cost 
per part will then be. Y (tc/T). 
The total cost per part (¢) is the sum of the four foregoing items or 


f= xTc + xTi + xfd = + x = | (37) 


The cutting time per part will be 


pr = 1D (38) 


c Vtl2 
where D is work diameter, in 
By is axial length of work, in 
t is. feed, ipr 


Substituting into equation (37) we obtain: 


After eliminating (V) from equation (39) by use of the Taylor equation (25) 
we may differentiate the cost (¢) with respect. to T and equate the result 
to zero to find the tool life for minimum cost (Te When this is done 
holding the feed (t) constant we find the usual.value for the cost of 
optimum tool life (Te 


a OT fees Raa at 
ED (FY : 


Where n is the exponent in the Taylor equation (25). From the Taylor 


equation, the speed corresponding to (T) is 


Yas (41) 


The tool life in minutes for minimum cost (T) is seen to depend only 


on a combination of the machine cost, tool regrinding cost and down time 


Camts) and a function of the exponent in the Taylor equation (n). 


Thus, since it has been observed that (n)will have about the same value 
when machining titanium as when machining steel we.should expect to find 


about the same economic tool life for titanium and steel when using a tool, 


=33 a | 
eA 


++ 


onse wl) Jeote ened sb a Seated bemrede « 
exe biuexte.ae loads 


» te 


“cf 
i 


Mm) 
8 oy, Lie 
+ 
‘ 
"a 
\ 
- 
i OUR ; 
t w ' Sci 
‘ Y < 
“ 
“v J —% 
ps a AN 
. 
» ae 
” 
. “fa of 
&, 
Sn » & 
l 9 bs 
; { 
by. ¢° my 
— 
ts eo mak Bas 
4 
- 
> | 
* 
& 
. + 
« 
uy Ke 4 i - rj 
“, ‘ 
r $ i ad 
= * 
oy 7 
it 
f 
\ ' } 
4 i= — 
* 


ie Seon Se hie: food feo ostbeltit writ fy oodtentea 10 


hina ad i =) daoo sanbate fot me Sands ‘at wits foot" 


casi edt of tasnogee say bind siete * bis: 


ae 


-1,6- 


machine and operator of the same value. However, in equation (41) the 
speed to give minimum cost (Vv) is seen to depend on the constant C in 
the Taylor equation and hence si for steel should. be expected to be 3 or 4 
times that for titanium. 

When speed (V) is held constant and the feed (t) is varied, a sort 
of Taylor equation is found to hold for tool life (T) for large values of 
feed 


tT 1= C, (22) 


where n, and C, are constants. 


a 
In a roughing operation the feed may be chosen (with speed held constant) to 
give minimum cost in the same way the speed was chosen for minimum cost 

when the feed was held constant. It can be similarly shown that the tool 


life for minimum cost in the case of variable feed is 


td + ¥ 7 ae 
mee x 1 eae) (43) 


while the corresponding value of optimum. feed (t.) is 


a 


th ca nl (44) 

In a finishing operation the maximum allowable feed will usually be 
fixed by considerations of roughness. . As the feed is reduced the speed 
for minimum cost per part (v will increase. The value of (n) in the 
Taylor equation is approximately independent.of feed and hence (T) should 
not change appreciably with feed. However, C in the Taylor equation 
increases as feed.is reduced and consequently (v_) increases with decrease 
in feed. A better finish will then be produced. by reducing the feed for 
two important reasons. 

1. A direct. reduction in feed roughness. 

2. The resulting increase in . A will usually. give rise to less 
built-up edge. 

Finishing operations can be carried out most economically if the 


following rules.are applied. 
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1. In those cases where a high speed is.not.needed to give good 
finish, the feed should be as large as. possible. 

2. In those cases where (V ) corresponding, to the feed of first 
choice cannot be used due to he limitations, an attempt should be 


made to use a larger feed which will yield a lower value of V In each 


of the above cases an. increase.in nose radius may make it ee to 
operate with increased. feed and still produce the finish desired. While 
the general rule.of the workshop calls for light. feeds and high speeds 
in finishing operation, it should be appreciated that the most economical 
finishing operation corresponds to the-one utilizing the largest feed 
permissible. 

While it might be expected that difficulty due to built-up edge 
roughness might.be. experienced in finishing operations on titanium due 
to the low cutting speeds used, this is not true due to the inherent 
tendency for titanium to form a small built-up. edge. 


In equations (40) and (42) the cost ratio R = oes appears. 


This quantity has the following range of values for most practical applications 
where the higher values of the range correspond to cases where the tooling 
cost is relatively large compared with machine and operator cost. 

Table 8. Representative values of machining cost -ratio (R). 
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Chapter 4 
Low Speed Cutting. Tests 


A series of tests has been conducted to. determine the cutting 
characteristics of titanium at very low cutting speeds. Ti 140A was cut 
at speeds of .4 fpm and 12 fpm. For purposes of comparison, similar tests 
were also made on C1112 steel. The apparatus used is shown in Figs. 31 and 32. 
The tool was fastened to the column of a milling machine while the workpiece 
was held in a dynamometer and fed past the tool by means of a table feed. 
The exact depth of cut was determined by indicating the cut surface relative 
to the dynamometer before and after each cut.:. .The. difference between the 
two readings is obviously the depth removed (t) which corresponds to the 
feed in a turning operation. 
The standard test.conditions were as follows: 
Speed (V), .4 and 12 fpm | 
Depth (t), .002, .004, and .008 in. 
Rake angle.(oc), 15°, 30°, 45°. 
Fluid:.. dry, CCl). 
Experience shows. that. when tool life is of major.interest, the stresses 
and temperatures existing at the chip—tool interface are of considerable 
importance. A quantity which reflects both stress. and temperature is the 
total cutting energy per unit volume (u).,. which, energy is found to be a 
function of the following variables: 
Material cut 
Cutting speed (in the low speed. range) 
Depth of layer removed (feed in turning) 
Width of cut (depth of cut in turning) 
Effective rake angle 
Friction. condition on the tool. face. (cutting fluid, etc.) 
Tool sharpness 
In the tests. considered here, material, width.of cut and tool sharpness 


were held constant. 
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Fig. (33) shows. energy per unit. volume.(u) plotted against depth of 
cut (t) for different. conditions of speed, rake. angle and fluid. The 
conclusions that may be drawn from these data. include: 

1. At OC= 15°, and at large depths of cut, the energy required to 
remove a unit volume of titanium is actually less than that required for 
a soft, free-machining steel (C1112). 

2. As the rake angle is increased. from.15° to 30° the decrease in 
energy for steel is. quite large (35%-45%) while for titanium, the decrease 
is hardly noticeable (0%-10%). The major reason for this apparently lies 
in the difference in chip formation between steel and titanium. When 
cutting C1112 steel, a continuous chip is formed. Increasing the rake 
angle will increase the shear angle, thus.decreasing both the shear stress 
and the area over which this stress acts,.. the net. result being a decrease 
of specific energy (u). On the other hand, at. low speeds, titanium gives 
a discontinuous chip. It has been observed..that the:.angle of fracture 
varies very little with rake angle. Because of this, the fracture stress 
and fractured area will:remain essentially constant. 

3. Over the.range of depths investigated, the decrease of energy as 
depth increases is.much greater with titanium than with steel. Itis 
generally accepted that materials exhibit a greater strength when very small 
specimens are tested than when. large specimens.are.tested. Metal cutting 
provides a means of "testing" very small specimens.because when a continuous 
chip is formed, the plastic deformation is largely limited to a very small 
zone along the shear plane. A direct result of this size effect is an 
increase of energy at low depths of cut. However, this is usually not 
appreciable until depths of. about .001 inches.are reached. In the case of 
titanium the size effects appears to be quite pronounced: even in the range 
from .005 — .008 inches depth of cut. Perhaps.this.is.due to the fact that 
a large portion of the energy is consumed in a small region surrounding 
the fracture surface between two discontinuous chips. If this is so, and 
it seems quite probable, a large portion of the energy: will vary with the 


amount of fracture. surface produced. As the depth of cut is decreased, 
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the discontinuities tend to remain geometrically:similar. Thus, the 
fracture area increases. inversely with the depth. This would explain 
why the size effect. in titanium persists.to such large depths of cut. 

Cutting Fluids:— It is quite apparent..in.Fig..33 that the effect of 
a cutting fluid on titanium is greater at.»small rake angles and at low 
speeds. The speed effect is consistent with the usual observation that as 
the speed is increased, there is. less time for.fluid penetration and for 
chemical reaction of whatever fluid is able to penetrate. 

Table 9 shows..the effect of a series. of. cutting fluids on both titanium 
and C1112. The numbers listed represent the percentage:decrease in energy 
per unit volume (u) when cutting with a fluid.campared to cutting dry. 

Table 0. Effect of Cutting Fluids at. Low. Speeds 

: OC= 15°; t = .005 inches 
Decrease: of Energy per Unit Volume (u) % 
Fluid Cil12 Til4OA 


0.4 fpm 12.fpm 0.4 fpm 12 fpm 
Carbontetrachloride 45 2 36 7. 
Lauryl Alcohol 34 3 6 ) 


Aerosol (0.1% in 


water) 29 9 —3 0 
Lauryl Mercaptan 28 ff 6 0 
STH - 34 in water 28 5 3 0) 
Oleic Acid aa 9 9 0 
Lauryl Chloride 22 0 6 0 
Distilled Water ay —1 ¢) 6) 
Benzene -10 -27 2 0 
Mercury = ~ >. _ 


This table speaks for itself. Of the normally active cutting fluids, 
only carbontetrachloride has any noticeable.effect at 12 fpm. At higher 
speeds, these fluids can act.as coolants, but.their effect upon the friction 
and cutting processes will be negligible. These cutting results are found 
to be in agreement with the slider friction test results reported in 
Chapter 3. 
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Inasmuch as the titanium chips produced.at low. speeds were discontinuous, 
the coefficient. of friction, stresses in the..chip. and. other values that are 
normally computed.in a metal cutting. study would.have n@ meaning and hence 
have not been presented. The only quantity that-appears to have meaning 
in such a case is the energy per unit volume. 

In summary it has. been found from the low speed tests that the energy 
per unit volume (u) is not excessively large when machining titanium, and 
does not decrease with increased rake angle nearly as much as in the case 
of steel. However, (u) does increase with decreased depth of cut much more 
rapidly for titanium than for steel. This would indicate use of small rake 
angles and large depths.of cut (0.010 inch or larger). It appears that 
most cutting fluids will have little effect other than cooling at speeds 
above 10 fpm. 
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Chapter 5 
Comparison Between Titanium and. Steel in Turning 


In the foregoing chapter a comparison was.made .between the low speed 
machining characteristics of titanium and steel. This study was restricted 
by the fact that the titanium chips were discontinuous. In order to obtain 
continuous chips or inhomogeneous continuous chips it is necessary to cut 
titanium at appreciable speed. In this. chapter turning results obtained 
under good machining conditions for a representative titanium alloy (Ti 140A) 
are compared with similar results for 1045. steel. 

In each case carbide tools were used since such tools give the best 
performance. However, the carbides chosen were not the same in each case 
but rather represented the best choice for each material. For the steel, 

a steel cutting grade carbide was used while for. Ti 140A a cast iron grade 
carbide was used. 

The general arrangement of the apparatus. is shown in Fig. 34, and the 
manner in which the chip and clearance faces-ef the tool were examined 
microscopically in wear studies is shown in Fig..35. The microscope is 
shown in position to observe the face of the tool across which the chip 
flows. The microscope is turned through 90 degrees te-measure the wear 
land on the clearance surface. 

Representative observed. data for Ti 140A and 1045 steel are given 
in Table 10, while calculated data are given in.Table 11. The values from 
individual tests are given in Table 10 in order to illustrate the nature 
of the variation between repeat runs. The average.values from this table 
were then used to obtain the calculated values given .in Table II. 

The values labeled ay and a, in Table 10 are.the minimum and maximum 
estimates of the extent of chip contact along the tool face measured from 
the cutting edge. These values were obtained by.measuring the distance from 
the cutting edge to the upper-most scratches.on the polished tool facé with 
a toolmakers microscope. The quantity (e) is the chip-tool thermocouple emf 
in mv., and forces Fo and Fo are the tangenial.or power force and nonpower 
or axial force components respectively as measured with the lathe dynamometer 
shown in Figs. (34) and (35). 


een OOAN food et? satotes gente ito. +0 daedxe ads ey “83 
eit ga bueaes. rd balan pier eputay ened? she 


ON) OLDEN eneyveva wil ay Wieges aechited rants 


at food-qido ede af (2) Vit onup alt 


j TS Oe ® oe 
‘ ba _ * ‘ab 
he at ® 
‘ ¢ i 


ry Ar rs é : a * J QARa yitlougro! on teh 

.* 

‘bute eli ‘oottd Lo epite lvefompady ae 

. : ‘Oo moti? ea? tat ee 

7 7, , 5.8 poner al x0. aa tao 
*“ * t re t “ * @ 

ueotT hi “908 GLO SlGatGga eh 


Mil [ : q BMOJ i bhaos ete ha peeetar | 


; ws Tey 
id De 
i « 

; ‘ le (on 

be "Ri 

- S We) 
rots 4 & Tee 
hishy Boetru ~ f [ wi eyreeds e2 


apt e. Ret ried 82 sgooRe mies 
s2.atiwet soaittedia 


sci ‘ so°% nieb Bevwrabede toile Aa 


! 


aa T ict Nev } vw Lil i tab b 8 OLR» olttw. 


oe 
oa 4 
aufeuli? o@ -reiva. el Of eidal Bb peeve ote eed 


fa * ry. sant | oy a an LiF potas tumdine mit niet ae ‘paeg | 


» bolodat a4 


nyt) cob 5 ys ata (i eidaTt ak er" ‘tae i 4 


¢ 


. 7 ads a, J 6 
HOTS) TOMO “TO. ,.6Loopaee ee mn 
| | Dee nighss Ae 


Celt of 
; 
nie 4 
¥ ¥ 
Re 
é 
ae iat 


-53— 


Table 10. Observed Cutting Data.for Ti 140A and 1045 Steel 


Tool material, k-6 carbide (Ti-140A) and k2s.(SAE 1045); depth of cut, 0.06 in; 
cutting fluid, none; tool geometry; 0, 0,.5, 5, 5, 0, 0.0151 
Bee, |fest Took ¥. + e re a BRL a 
No. No. fpm ipr MVo Lbs; 1D. in. in. 
Ti 140A RA  lSO.O.010m 15.6. 180 -*«"82 e012 020 Lene 
1A a Tat es 84 e012 025 Le22 
2A 19.8 168 76 eO1LO 0023 L.22 
1 2A 16.1 LT 81 e010 025 0.90 
1B » at A fi eO12 0025 1.04 
is Gan A PER Bo i0.e ediBe -.013 .025 1.02 
Av. 150 0.0104. 15585 - 172 80 - eO12 ~O24 pe a 
2B 100 .0052 12.8 112 60 ~O10 e020 ° 74 
2 2B Lo .O 110 61 013 e020 80 
1G | 12.9 110 57 e010 O17 07h 
nob Ye | Oo ace 56... ,012 .020 .87 
Av. 100 .0052 a2.95 110 63.5 O11 e019 19 
SAE 1045 AR. | LOO. 400522. &.0 94 40 eO12 wes 40 
4A S.2 97 Al 015 L025 eA3 
3 5A 8.4 93 Al eOL2 0023 43 
A 8. eV: 028 40 
Av. -100°.0052. &.30 95 Al e014 e025 42 
4B 25Q 30104 11.4 193 83 e015 e030 A494 
4 5B 41.4 192 83 e019 2032 ALS 
5B 11.6 192 89 e015 0032 e472 
B Ge Rods Sos .038 4,52 
Av.; 150 .0O104 LL.§0 292 85 5017 033 «£6 


6A 


400 .0104 
6A 


1. 


Av. 


400 .0104 
535° .O104 - 206 102 
13.8 « 201 102 
13.8 213 i. 
13.8 221... 118 
210 108 


~020 
e020 
0022 
2020 
~020 


020 


-043 


E038 


«O40 


In accordance with the ASA system of tool angle specification. 
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The chip length ratios. (r) were determined from chip weight. The 
value for the titanium.specimen cut at 150 fpm is seen to be greater than 
one; a very unusual observation. Upon examining the chips microscopically 
they look quite ordinary as shown in Fig...(36a). The chips of test 1 appear 
to be continuous. .However, when these same chips are observed microscopically 
we see that they are of the inhomogeneous type. The unusually large chip 
length ratio (greater than one) results from the inhomogeneous nature of 
titanium chip formation. When it was. observed that the chips of test 1 were 
highly inhomogeneous it was decided to make. a second test under conditions to 
give a continuous chip. By consulting Fig...11 it was decided to try cutting 
conditions corresponding to point B (point A.in Fig. 11 corresponds to the 
conditions of test-one) and when this was done continuous chips were in 
fact obtained. This is evident in Fig. (37b). Similar steel. chips are 
included in Figs. (36) and.(37) for comparison. By comparing the chip 
thicknesses of Fig. 37b and c) it is evident that continuous titanium 
chips are considerably thinner than corresponding steel-chips. This is 
also evident in. the mean chip length ratio values for tests 2 and 3. 
(0.79 for Ti 140A and 0.42 for 1045 steel). From the foregoing experience 
it would appear that. a note of caution is in order. Just because titanium 
chips appear to be continuous when observed microscopically is no assurance 
that they are so'in fact. Analysis of results obtained under inhomogeneous 
cutting conditions are very difficult to analyze:.and can be misleading if 
it is not recognized that inhomogeneous: strain.is involved in the chip 
formation. 

The data of Table 11 were computed in the manner outlined in Chapter 3. 
In interpreting these data it should be kept in mind that while the chips 
for test 1 were inhomogeneous all others were continuous. Study of the data 
presented in Table 11. allows several interesting observations to be made. 

1. The shear angle (J) is unusually large for titanium. This is 
associated with the unusually large chip length ratios obtained with titanium 


and results in smaller values of strain and higher chip velocities than 
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normally experienced in cutting steel. 

2. The total energy per unit volume (u) associated with the machining 
of titanium alloys.is about what might be expected for a steel of the same 
hardness. 

3. The shear.energy per unit volume . (u,) for titanium is lower than 
for steel (due to the smaller strains obtaining for titanium alloys) while 
the friction energy per unit volume (up) is unusually high for titanium. 
This is reflected in the ratio (uy u) which for steel normally runs between 
20 and 25% but for titanium alloys is between 40 and 50%. 

4. The shear stress on the shear plane (fT) is about the same for 
titanium and steel. 

5. The normal stress on the shear plane (o-).. is unusually nage foe 
titanium alloys. This makes it possible for the normally semi-—brittle 
titanium alloys (which break before necking in a tensile test - see Fig. 4) 
to produce continuous chips even when the.strain in the chips. exceeds 2. 
Were it not for the unusually high normal stress on the shear plane in 
the case of titanium, all titanium chips would be discontinuous. 

6. The coefficient of friction on the tool face is about the same 
when cutting titanium .and steel. 

7. The observed .tool temperatures are.very much higher when machining 
titanium than when machining steel. (For example, the temperatures for 
titanium and steel-under identical conditions (tests 2 and 3) were observed 
to be 1365F and -780F respectively. This is due primarily to the low values 
of (kfc) for titanium alloys. 

8. The agreement between observed and calculated cutting temperatures 
is poor when the chip is highly inhomogeneous (see. test 1). The calculated 
value for test 1 is unusually large and is. believed to be closer to the 
actual maximum temperature than the observed value. In inhomogeneous 
cutting the chip is starting and stopping periodically. When moving, the 
chip will travel above average speed and exceedingly high values of 
temperature will obtain. This is one of the reasons that cutting under 
conditions to give an inhomogeneous chip should be avoided. 


The surface finish produced when machining..titanium alloys is usually 
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much better than when steel is machined under comparable conditions. 

This is illustrated by the reproductions of plastic surface replicas 
shown in Fig. (38). These replicas were produced by moistening the clean 
machined surface with acetone and pressing a. thin piece of clear plastic 
into the surface. The solvent softened plastic. takes the form of the 
underlying steel surface. 

The tool life characteristics of Ti 140A and 1045 steel were also 
compared. Plots of the distance the tool travels over. the work (L) 
against the extent of the wear land (w) are given in Fig. 39 for both 
materials. All of the curves are seen to be distinctly parabolic in 
shape. The tool life in this study was taken OB, a 0.015 inch shoe land, 
and the corresponding value of L is designated an » The values. of ee 
obtained at the several speeds are shown plotted in Fig. 40a against speed. 
The curves for both materials are seen to have the same general shape. 

In each case a maximum tool life is obtained.as speed is reduced. 

The same data.of- Fig. 40a are shown replotted in Fig. 40b in the 
form of the more familiar Taylor plot where tool life expressed in time (T) 
is plotted against cutting speed (V) on log-log coordinates. The curves 
are linear and correspond to the Taylor equation (25) only at higher cutting 
speeds (above 100 fpm for Ti 140A and above about 200 fpm for 1045 steel). 

These plots are representative of the sort of tool life curves usually 
observed. Such curves have three distinct regions as illustrated diagramatically 
iniFig. (41). 

1. In the first region (1) corresponding to the highest speeds, 
temperature is the predominant variable and the wear rate is-a strong function 
of the cutting speed. This is the region where Taylor's equation (VT" = ¢) 
holds and n is usually between .1 and .2. 

2. In the seeond region (2) we have the type of wear that is experienced 
in most sliding contacts other than tools. The wear particles are very small 
and the wear rate is independent of speed. For this type of wear the 
exponent (n) of the Taylor equation equals one. 

3. In the third region (3) we have the type of wear that is characteristic 
of sliding under very high load and low speed... There is ample time for large 
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welds or junctions to form and when these come apart large particles are 
pulled from the sliding surfaces. This action.has been previously described 
in this report as.chipping. This is the type of wear that predominates when 
cutting with large built-up edge. In this region the rate of wear usually 
decreases with. increased. cutting speed since. the change in speed results in 
a decrease in the amount of built-up edge. Brittle materials such as 
carbides give poorer.results than ductile tool materials such as HSS in 

this region of operation. 

The curves of Fig.(40b) are seen to correspond to the diagramatic plot 
of Fig. (41). In the case of steel, region (2) is very small and the wear 
may be characterized as..being either of the chipping (low speed) or Taylor 
(high speed) varieties. In the case of Ti 140A, chipping is not nearly as 
pronounced and all three types of wear are distinctly present. The fact 
that titanium does not tend to forma large built-up edge even at low 
speeds was mentioned in connection with the good finish obtained when 
machining titanium. 

While it is impractical to use carbide to machine steel-at low speeds, 
good results are obtained when. titanium is machined with carbide at low 
speeds. This point is illustrated by the data of Fig. 42. Here, tool life 
results are given for HSS and carbide when.machining Ti 140A and 1045 steel 
at the low speed of 20 fpm. From these data.the following observations 
may be made. ‘ 

1. The carbide tool gives 4 times the life of the HSS .tool when 
machining Ti 140A but only 1/5 the life of the HSS tool when machining 
1045 steel. This reflects the strong tendency for steel cutting tools to 
chip at low cutting speeds and thus the need for.using. a more: ductile tool 
material (HSS) when machining steel at low speeds. Titanium having. a much 
smaller tendency to form built-up edge can use. carbide to advantage to 
much lower speeds. 

2. The machinability of titanium at 20 fpm with the best tool material 
(carbide) is superior to that for steel with its best tool material (HSS). 
At 20 fpm the poor thermal properties of titanium are not. important and 
the tendency for titanium to form less built-up edge results in a net 


advantage over steel. 


35 Setsi Mage coun eau get bas tee OF Broktpeae 
‘eed tei g int? .gecelive petiiie eft ag 

tort : , je Oty ‘et ain oii bees eit CF JxoqeT A ; 

eo orth ; fais a eabe (ubdL ied eftel Aa eae 

‘J mia Seegy eitidtoo Bepperegk aie : 

ch uhe ir <io ¢nuome est as 

m altel ci i) ad Lorest torc0g orhy 
aolsetego Ye 10 BQ) 

eit of Tepke Or . ma (40h) phd to ears a 

te Iieme yte | net ,leeta fo enaD OOF Aly (rh) 7 
pf) antac: ‘lo tattle yuted se bes brats ai 


‘ rpennoo af heno Ls ta): 
mo ge 

. 4 . 

a Sande xf ebidias 4 |; leo Jonpmgmk @t Ne 4 & 


“no rir! (or mines ty cecw ber ketde ete ea 


“« 
; + = ca y . + 4 > a 
no) . ote oat Mt o ais "DD Juviit at Tatog — 


mria Aoi.‘ ig¢toitean Sis ebro iz SER tot new tg 


~ 


io 


er; ‘ mero we { i el stan Gees mo* 4 . fe” y 10 besga: we 
—— a 
° : +e A > 
7 , . i - on oe i ’ > i a 

ierly Iomi.22h enti if emt asmls , sevin Doom Shitts>' an 
= : ao . 
snrainoam genw loos con 6h 20 Mii Sh EY ~ine aud AOS Ps 1 


slont yaltium ivete ToT yeoebaes poows ent aeoe Eee Ghat aan 


7 
’ 
<1 


foo} slilisub exvom & gatas 102 feen sm amid ban abeegm gates. Tino vo 
‘ 2 : , : - : 3 

ui e )olved miiontiT -abeoys wol Ja Lleet2 pouinigage sae dl 

; Bd bon Ps <: ; 

: ad novba Of @bictas ary Ano eubo gu-t Ltd awrot af yon ; 


ae i a booge 7 
streotam font tead odd vin wt 0S oe mlaneiz te Wilidentione & 


. (22H)  iretee foot dred all Mittw f ta t0% santvelevesn 
bup Jasstegith fet ots subast iy to. parsichin: 
SG ch ajlese x eybe qired tard ager Bead 


-59- 


In considering item (2) above it should be kept.in mind that the 
comparison is on the basis..of equal values of wear land. Normally 
HSS tools are used:.to.a greater wear land than carbide tools. For example, 
under ordinary conditions of speed and work material hardness, carbide tools 
are taken out of service when w reaches .03 inch.while HSS.is.kept in service 
until w is 0.06 inch.. As the cutting conditions become moresevere (higher 
speeds or more difficult materials) it.is advisable to reduce Woy in order 
to avoid the risk of total. tool breakdown. resulting .in increased: scrap loss 
and greater tool .reconditioning cost. We.might conclude that at low cutting 
speeds titanium will machine about as well as steel provided the best tool 
materials are. used. in.each case. 

In the high speed..region of operation tool. life may be AR in 
terms of the Taylor equation (VT = C).or.its equivalent in terms of length 
iar = B). The constants in these equations for.the Ti 140A and 1045 steel 
experiments of Fig. (40) are given in Table 12. 

Table 12. Constants.in Tool Life Equations 


Material A B n Cc 
Ti 140A 0.19 635 0.160 225 
SAE 1045 steel 0.26 4200 0.206 750 


The main use of the Taylor equation lies in. the. determination of the. most 
economical cutting speed following the analysis.given in Chapter 3. The 
assumption is of course made in this analysis that the cost-optimum speed 
lies within the range of speed for which the Taylor equation holds. An 
example illustrating the method to use when. a straight line relationship 
between log T and.log V..is not obtained is given in Chapter 7. 

Use of the economic tool life equation may be. illustrated by an example. 


If we assumes . 


a A 


400 #) 


1. the value of a machine and operator:is $8.per hour (or.13.3 ¢/min- 
2. the mean cost of reconditioning the carbide tool. used is $4.00°°(¥ 
3. the time required to change. tools.is.3.minutes (T, =. 3: min) 


then, the magnitude of. the cost ratio (R) in equation (40) is 


mu. + 2X 
R= =S————._ = 33 
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which is seen to be within the range of values. mentioned in Tabte &. 
Substituting the appropriate values: from.Table.12.into equations 40 and 41 


we obtain the following.values for economic’ tool life and speed. 


Table:13. Economic Tool life: and Speed 


Material I. min pee fpm 
Ti 140A 173 99 
SAE 1045 Steel 127 276 


From Fig. (40b) these speeds are found: to lie: within the range for which 
the Taylor equation holds. The economic tool life for titanium is 35% 
greater than that for steel. 

The ratio of..economic. speeds (Vv) for two materials provides: a good 
measure of their machinability characteristics with regard to tool life. 
On the basis of this criterion the machinability of the 1045 steel of this 
example is related to.that. for Ti.140A as follows: 


Via( steel)..= 276.= 2.8 

Vin(T4) 99 
It may be said that the steel machines. 2.8 times as readily as the titanium 
alloy when both are machined most economically, in this particular example. 
The ratio of the speeds. to give a-60 minute tool life (Veo) is also 
frequently used as a measure of machinability,. and the resulting ratios are 
usually in good:agreement with those based:.on the foregoing: more’ logical 


economic comparison. : For example, in the present: instance we have 


V60( steel) Peed oe 76 


Y6o(T4) .206 
60 
22 
ol6 
60 
which is seen in this case to. be identical with: the ratio (V_ _ PUM Ae 
m steel’ m Ti 


A 240 minute tool life comparison’ is also sometimes used and for the foregoing 


example we have 
) 


V | BN 
240( steel) = ~“"—35¢ = 2.58 
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This is likewise seen to be in good agreement with the economic tool 
life comparison and shows that when machinability is ‘based on the ratio 
of speeds corresponding ‘to. a. given tool. life:in minutes the particular 
time that is chosen: in the. comparison..is relatively unimportant. 
Photographs of representative worn tools used to cut titanium and 
steel are shown in Fig. 43. The greater area of:contaction the chip face 


of the tool in the.case of.steel. is ‘clearly. evident. 
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Chapter 6 
General. Survey 


In the foregoing.chapters of this. report. the data presented were chosen 
to illustrate specific points under. discussion. .In:. this chapter a number of 
the more important variables: that influence. the turning characteristics of 
titanium alloys will be .surveyed in a more systematic way.. While the number 
of combinations of variables that could be.studied is» formidable a reasonable 
picture can be obtained by taking some conditton as standard and: observing 
the influence of changing one variable at a time. 

Unless otherwise stated the standard condition corresponds ‘to the 


following: 
Table 14 = Standard Machining Conditions 


Tool Geometry: 0; 0, 5, 5, 5, 0, .015 in 
Tool Material: | K-6 carbide 

Work Material: Ti 140A 

Cutting speed: 150 fpm. 

Depth of cut: 0.060 in. 

Feed: 0.0104 ipr 

Cutting Fluids: None 

Wear land in determining tool life: 0.015 in. 


Data for HSS.tools are presented in only a relatively few cases since 
it became evident early in the investigation that the performance of carbide 
tools was superior. In the tool life plots L* corresponds to the length of 
work material that traverses the tool in feet to give a 0.015 inch wear land. 
The corresponding life in minutes (T) may be found by dividing this value by 
the cutting speed in fpm (V). 

Tool Geometry ~- Fig. (44) shows results obtained when cutting conditions 


were standard except for side. rake angle, which was varied from -20 to +10 degrees. 


Energy per unit volume (u) friction force on the tool face-(F) and temperature 


(6,) all decreases with increasing rake angle. 
5 


Tool life appears. to have a maximum at zero degrees. The life would follow 
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the dotted curve were it not for the onset of excessive chipping at about 
zero degrees with this particular tool -— work combination. Usually with 
steel, u decreases about. 1% per degree increase: in rake angle and this in 
turn gives rise.to decreases in F and 0. 

It was found that-an increase in side cutting edge angle (SCEA) to 
10 or 15° enabled. the rake angle of carbide tools, to be increased to 
10 or 15° without exeessive chipping. Inthe case of HSS tools -considerably 
improved performance was obtained by increasing: both SCEA and side rake angle 
to 25°. A tool-life curve for such a tool is. shown at A (Fig. 48) which may 
be compared with curve B corresponding to the standard cutting’ conditions 
with a HSS tool. The reason that an increase in SCEA enables a higher and 
more efficient rake angle to be used without chipping lies in the fact that 
the increased SCEA causes the cutting force to be distributed over a greater 
length of cutting edge. 

In a few tests. with. tools of increased nose radius: (0.040 in) slightly 
improved performance was obtained. 

In summary it might be said that the desired tool. geometry for carbide 
tools used to cut titanium alloys differed little from the tool geometry 
that would be used. to cut a steel of the same hardness. As a point of 
departure a good set of tool angles to try. initially might be as follows: 

Sea pis De Pe LU, «02's 

Operating variables —~ The influence of cutting speed on tool performance 
is shown in Fig. (45). The energy per unit volume (u) is about. constant 
while the coefficient of friction appears to pass through a minimum value 
at about 150 fpm. The tool temperature varies as yi/2 in accordance with. 
equation (31). The unusually high temperatures that obtain at high speeds 
should be noted. The tool life curve for this material (Ti 140A) has been 
analyzed from the economic point of view in Chapter 5 and in this example 
the economic speed (Vm) was found to be 99 fpm. In this analysis it was 
also observed that the Taylor equation fit the tool life data to a speed 
of about 100 .fpm. 

Feed is found to have similar effects on cutting performance as speed 
(Fig. 46). However, the effect of feed.on energy per unit volume is found 
to be greater than that for speed. In fact. in Fig. (46) the effect of feed 


on (u) is found to be considerably greater than that normally observed for 
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steel, as was also found in Chapter 4 at.low speeds. The size effect 
evident in Fig. 46 for titanium at feeds in excess of .016 ipr, is usually 
nil for steel at this feed rate.: The friction force. increases with feed 
as might be expected, but not linearly. 

The tool temperature increases approximately parabolicly with feed. 
Analysis of the temperature curves of Figs. 45 and 46 reveals that temperature 
increases more rapidly with speed than. feed. This.is really: what might be 
expected from equation (31) where it is evident that a greater influence 
of V on temperature is. to be expected due to the smaller inverse effect that 
speed has upon-u. than feed has upon u. 

The tool life curve of Fig. (46) has the same appearance as that for 
speed in Fig. (45)... When the life curve of Fig. (46) is expressed in terms 
of time and plotted on log-log coordinates a straight line results 
corresponding: to equation (42). 


t °°! ='0.021 


This equation is similar to the Taylor equation but written: for feed instead 
of speed. In Chapter 3 economic analyses were presented whereby the 

speed (Vm) corresponding to minimum cost. per part. would be found at constant 
feed as well as the feed (t,) corresponding to minimum cost at constant 
speed. In Chapter 5 an example was presented.to. illustrate the determination 
of Vm. We may now continue this example to, find-the most economic feed when 
machining at 150 fpm and under the cost conditions of the previous example. 
From equation (43) the feed optimum tool life is found to be 


us 1 — 
a 2G - = 89 min. 


while the corresponding optimum feed is found. from equation (44) to be 


+= oar = 0.0063 ipr. 
g9 ° 


Thus, when machining at 150 fpm and under the cost. conditions previously 
outlined, the minimum cost per part would. be found to obtain at a feed of 
0.0063 ipr. Actually, the speed of 150 fpm is above the economic optimum 

(in Chapter 5 Vm was found to be 99 fpm) and the foregoing calculation should 
be repeated for a speed of about 100 fpm. If this were done it would be found 
that the economic value of feed at 100 fpm would be higher than the .0063 value 
given above for 150 fpm, and probably would lie in the vicinity of 0.010 ipr. 
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Tests in which the depth of cut is varied show that this operating 
variable is almost without importance, 

In summary it might be stated that speed and feed are the important 
operating variables, feed being only slightly less important than speed 
in determining cutting forces, temperatures and tool.life. A good combina- 
tion of speed and feed to use initially in machining a titanium alloy with 
a cast iron grade of carbide is 100 fpm at a feed of .010 ipr. 

Tool material - Representative cutting results for. three grades of 
carbide are given in Fig. (47). The energy and temperature results would 
lead us to list these materials in the following order of increasing 
performances K-6, K-8, K~2s. 

However, the tool life picture is more complex... The solid lines show 
the life . including chipping. At speeds below 140 fpm the tools should 
be listed: K8, K6, K-2s in order of increasing performance. This order is 
however reversed at speeds above 1450 fpm. The reason for this lies in 
the fact that the tendency to chip increases with decreased speed and with 
increased hardness of. carbide. At the lower speeds the harder carbide 
(K-8) while wearing less rapidly than K-2s has a greater tendency to chip 
and the net result.favors the K-2s carbide. At high speeds where the 
tendency to chip is less K-8 is superior to K-2s because of its greater 
resistance to wear. The dotted curves shown. give the tool life results 
for K-8 and K-2s without chipping oaks At all speeds.the K-8.curve is 
found to correspond to greater values of tool life as we should expect due 
to the greater wear resistance of the K-8 carbide. 

A note of caution regarding accelerated tool life tests would appear 
to be in order at this point. If only short time tests had been run, as 
is frequently the practice, the K-8 carbide would be clearly the best. 
However, as we have seen the economic cutting speed is apt to be in the 
vicinity of 100 fpm and in this region the K-2s.carbide is superior. It 
is suspected that recommendations of very hard carbides made, by other in- 
vestigators based on high speed, short length, tests may be in error for 
economic cutting speeds. 

In the case of HSS and stellite tools only tool life results are 


4 
A Lh 
aA rhs ‘J 4 i] 
| 
) 
; t 
J . 
’ ‘s $* &;¢ r 
: —*T* +: 
- { 
baly | isi) AP ox 
/ in * 
3 tt ri 4 
t 
, ; ( cal Os 4 
ie 4 . 
j } CFA 2 fiurtp 
Kj _  - 
Ny ay rt Sr" . * . - . * : a. P fovea coed -a ' 9g rv ot 
Gr 3 as | ie LCA = 2 See 
Le a 4 me 


rea Se | 


t 
* ) ‘ + 
, 
- 4 : 
~ 
ef ou : c Pa » i j it ic 
. 2 A ¥ *- “ as < 
os 
t ~ = ¢ + — 2 
f ‘ és a. to ed 
“ 
‘ ‘ ie f 4 
i ry rs i ? Leyes aly ae» 
. ‘ ; 
cris & % Tm & € E ani 52) ay 
- _ 4 q - m, © = 
id wearers G ‘ JR «Ph icisgs, 2.~7.484 wee 
= 
- 7 - om EF d wo aa: ry 
a? Sern o. gapsord eh-4 oF tOlTSG! E Sek: O26 
ga ah A Tn ne 7 | ne te of esead 2 9s = 4 ‘s a hited 
met 8frit 2d eis “VI Aas Bev i hd oh Poe ON- axff : 


—— —_ . Pete o fm a rr. a“ oh co - Prd 7... 2. SS 
€s. OV ie .. ‘ff Sth BO5Sa0 ile oA »\ me) Wit ng tae taxes i aS 


; 
fe 

¥ 
2 
a4 
rth 

i 

. 
imi 
au . 
m 
mT 
a 
2 


ati. teor Is st ithe ay TOE ROSS | OY, aN x 
ebitre 8-4 sit te conate Lae etm soos 
eggs hiuww ageer atti Lope oodezeleooe gaticenedt moss te ie 
2 , wor osx Ped eter sede Gade vie VE athieg aide td 


eae a 
aed ent Ylunedo ef biimw abated Gy-A esd. ph a 
* rd te ue 
en; st od of ¢52 82 besqe gettin 2 lsenooe eit ‘teen, areal oe BRN 


We? 


sobreque al sbhidies, 33a ect poly. oe bvish ‘bina Sas bi Sok. $e 
~ti radio yt -abaie wehtdnad: iced yrew Gp. Bie “0 


i=4 


<ot ores cel ob gan eteee Aldo 7 


+s etivoes etil [oat xen sg 


am ne Paar). | oa, iy Le a, 


a 


presented in Fig..(48). Here it may be observed: that M~2 and T-1 HSS 

gave indistinguishable results while stellite.J is a little better. The 
tendency for stellite to chip is greater than.for HSS, particularly at the 
lower speeds. The previously mentioned desirability of using increased 
rake angles and SCEAs with HSS tools is evident.in Fig. (48). 

In summary we may.observe that it is.not safe to infer. tool life from 
temperature or energy values alone but cutting tests should’ be made. In 
general carbide is so much better than HSS in machining titanium alloys 
that it should be used where possible. While the cast iron grades of 
carbide usually. give better results with titanium than steel: cutting grades 
at very high speeds steel cutting carbides may give. better results at 
practical speeds. - The optimum gradé of carbide should be determined by 
trial. When HSS must. be used, large side rake angles and SCEAs should be 
employed (about. 25° in each case) 

Work material: - Results for different titanium alloys are: given in 
Fig. (49). The tool life for the four alloys tested are seen to lie in 
order of decreasing life as follows: Ti 1OOA, Ti 75A, Ti 140A, RC 130B. 
Comparing this order with the order of increasing flow stress in the torsion 
test results of Fig. 5 shows good correlation, and.it would appear that 
torsion data provides a good measure of the.relative machinability of 
titanium alloys. The values of u in Fig. (49). are.also seen. to lie in the 
same order as the tool life values. All of the tool life results obtained 
at speeds above 100 fpm for carbide tools plotted as straight lines on 
log-log coordinates in accordance with the Taylor equation. . Representative 
values of n and ©. in the Taylor equation (25) are given in Table 15, 
together with values for a 60 minute tool life (Veo) « 

In Table (15) results are given for Ti 140A machined: with 3 different 
carbides. When. the economic speeds are computed based .on the cost values 
of Chapter 5. (R.= cost ratio = 33) the cost optimum speeds: given in table 16 


are obtained. 
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Table 1 Representative. Constants for Taylor: Equation 
When feed is 0.0104 ipr (for tool angles etc. see Table 14) 


Tool Material Work v 

; Material n C 60 
K-6 Ti 1OOA e245 530 221 
K-6 aL 7 OR «190 4L,5 205 
K~6 Ti 140A » 160 225 Liv 
K-6 RC 130B LS .L60 170 90 
K-8 Ti 140A 0205 320 108 
K-2s Ti 140A eth5 220 hae 
T-l or M2 i Me OT «090 40 28 
Stellite J Ti 140A yO75 50 a7 
K-2s 1045 Steel «206 750 323 


Table 16. Cost Optimum Speeds for Different Carbides 


Tool Material Work Material Vm. fom Tm. min. 
K-6 Ti 140A 99 L73 
K-8 " 97 91 
K—2s " 102 195 
K-28 1045 steel 275 127 


From this table the optimum speed is seen to be about the same for all three 
tool materials (=100 fpm). However, the K-2s carbide is.seen to have a 
somewhat greater optimum life than the K-6 carbide, (and hence would give 
lower machining costs), while the K-8 carbide is distinctly inferior to 
these two. This further illustrates the observation made: earlier to the 
effect that very hard carbides do not show up well at practical. machining 
speeds. 

In chapter 5 it was pointed out that the 60 minute tool life is a good 
measure of the relative machinability of work materials, based: on economic 
considerations.. Using the data of Tables (15 and 16). it can be shown that 
this observation of a workpiece is approximately independent ofthe tool material 


used. 
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Table 17. Machinability of Ti 140A Relative to 1045 Steel 


Vm-Tit Y60 T° 
Tool material Vm-Steel Y60 - steel 
K-6 ; «360 »362 
K-8 0352 «365 
K-28 asiL soto 


1. Values from Table (15) 
2. Values from Table (16) 


From the values of Table (17) it is evident that a machinability rating of 
35% based on 1045 steel as 100% is a good approximation regardless of the 
carbide used in the comparison or on the exact method of comparison (i.e., 
whether Veo or Vm is used). 

In Fig. (50) the relative machinability rating for the four alloys of 
this investigation are given, with 1045 steel taken as 100%. These values 
are rounded off to the nearest 5% since the data from which they are 
obtained are not consistent with closer reporting. 

Cutting Fluids — When turning tests were performed using a wide variety 
of fluids, including gaseous atmospheres such as nitrogen, carbondioxide and 
trifluoro bromomethane negligible differences in cutting force were observed. 
The only exception to this rule was the case of carbontetrachloride which 
showed a 15% decrease in power force at practical turning speeds. Unfortunately 
this material cannot be used commercially. .These observations are consistent 
with those reported for slow speed tests in Chapter 4. When water base fluids 
were used a small decrease in the rate of tool..wear of the order of 10% was 
observed. 

From these observations it might be concluded that a cutting fluid is . 
not worthwhile in machining titanium. However, in certain. tests where the 
tool had a tendency. to fail catastrophically before the desired wearland was 
reached (as at point B in Fig. 16), it was found that use of a cutting 
fluid extended the wear land at which rapid wear. set.in even though essentially 


the same wear curve obtained with and without a fluid. This is another 
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indication of the danger.of accelerated tests.. It would thus appear 
desirable to use.a.water base cutting fluid in machining titanium, not 
for its effect on the rate of wear but rather.for its effect on the 
maximum wear land at which a tool can be operated without risk of sudden 
failure. 

Carbon and Oxygen Content — In order to investigate the influence of 
variations in carbon and oxygen. content upon tool life, the following 
special titanium alloys were obtained. 


Tabie 18. Composition of special. titanium alloys for investigation 
of influence of oxygen and carbon content. 


9° 


Heat N_. Ti N (0) Fe Cc 

5090 99.6 034 is 226 04 
5091 99.5 ,013 220 .26 .01 
5098 99.3 .013 «40 s27 .03 
5089 99.4 013 Z 30 627 
5099 99 4 ‘Ole 2 nett "332 


Values of tool life (L*) are shown plotted in Fig. 51 for a speed of 
345 fpm. 

The basic material (Heat 5090) had a composition very similar to the 
Ti 100A of this investigation (see Table 2), and had a life fr.) very 
similar to that for Ti 100A. The influence of oxygen on tool life is most 
pronounced. The specimen with .4% oxygen had a life of but 1/8 that of 
the base material. The major difference between alloys Ti '75A and Ti-100A 
is seen to lie in the larger oxygen content of Ti 75A (see Table 2) and 
this is believed to be the major cause for the lower life observed for 
Ti 75A. 

The influence of added carbon in the amounts 0.27 and 0.32 is observed 
to be nil. While it has been reported that carbon contents in excess of 
about 0.2 have a serious adverse influence on machinability of titanium 
alloys this was not found to be the case here. The explanation for this 


might lie in the fact that previous workers have added carbon to titanium 
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already significantly alloyed (such as Ti:140A) while in this investigation 
the base material to which the carbon was added was essentially commercially 
pure titanium. 

Representative pictures of worn tools are presented in Fig. 52. The 
first at (a) shows a tool used to cut steel where. the length of contact along 
the tool face is seen to be much larger than for the titanium alloys. 
Photograph (b) is for the base titanium alloy of the carbon, oxygen series 
and corresponds essentially to Ti 100A. Photographs (c) and (d) correspond 
to the .4% added oxygen and .3% added carbon alloys respectively. The high 
carbon alloy is seen to have greater chip surface wear for the same amount 
of clearance face..wear than do the other titanium alloys. This is a detail 


that is not reflected in ordinary wear land studies. 
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Chapter 7 
Results. from Other, Investigations 


The turning of titanium alloys has been discussed in references 
11 to 15, and some of the more significant findings will be abstracted 
here as a matter of convenience. 

A recent report of the U.S. Air Force (11) presents turning life data 
on several titanium alloys. While some of..these results are for highly 
accelerated tests, others are carried to values of tool life that are in 
the practical range. -In Table 19 values of.n and C in the. Taylor equation 
together with values of Veo are given for T-L, HSS, and K~6 carbide tools 


used to machine several titanium alloys. 


Table 19. Taylor constants from Reference. (11 3 
Work Brinell T-1 Hsst K-6 Gacbides 
Hardness — i (i is 3 n C Veo 

9A1, 5Cr0.4C 363 me ae gat 245 108 
130B 341 09 39° R7 °20 300 132 
150A 338 504 61 52 325 440 158 
140A 302 - = = 05 330 179 
75A 187 - - = ol 830 350 


1. Values based.on 0.060 inch wear land; tool.angles: 0, 15, 0, 5, 5, 0.010; 
feed, 0.009 ipr; fluid, 1.25 soluble.oil in water. 

2. Values based on.0.015 inch wear land; tool angles: 0,6, 0, 6, 6, .O040; 
feed, 0.010 ipr; fluid, none. 

3. Taylor plots for missing points were nonlinear. 


The values of n and Veg for carbide tools. are very similar to those of 
this investigation (Table 15). While the HSS. values of V,, in Table (19) 
are considerably higher than those of this investigation due mainly to the 
difference in wear land associated with tool life in each case, the exponents 


(n) in the two investigations are seen to be. in good agreement. 
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In the Air Force Tests cast iron type carbides were considered to 
be better than steel cutting grade carbides... However, the tests upon which 
this conclusion was based were carried out. at speeds. above the practical 
level. As noted in Chapter 6 the. harder saatiiron grade carbides were 
found to be best only at elevated speeds. ..The T-15 type HSS was found to 
be far superior to the M-2 or T-l varieties.in.the Air Force tests. 

All tool life curves in the Air Force report were.not. found to satisfy 
the Taylor equation, even in the practical. .range..of speeds; In the present 
investigation deviation from the Taylor equation was only observed at low 
cutting speeds. Since the Taylor equation may occasionally not hold in the 
range of interest, it is important that. the procedure for finding the | 
economic machining speed be altered to take this into. account. 

A nonlinear tool life curve from page 78 of: the: Air.Force report is 
shown in Fig. (53). The slope of this curve (n) is not constant but may 
be found at each value of (V). Then, when the values of.n are substituted 
in the optimum tool life equation (40) to. obtain (Ts different values of 
(T will be found for each speed instead of a single value as in the 
usual case. In order to find the value of Tm and Vm in such an instance 
it is necessary to plot T vs V and Tm vs V.. The required answer then 
lies at the point of intersection of these two. curves. 

For example, the data in Fig..(53)..are shown replotted on rectangular 
coordinates in Fig. (54) (curve marked T). Then, values.of Tm obtained for 
the variable values of n obtained by measuring..slopes of Fig. (53) are 
plotted against V. Several of these Tm curves are shown in Fig. (54) for 
different values of R. If R is 30 then the.optimum.tool life is seen to be 
23 minutes while the optimum speed is 97 fpm.. The effect of changes in R 
on Vm is evident in Fig. (54) at a glance. This extension of the economic 
analysis enables problems to be readily solved.when. the operating point 
lies on the nonlinear region of the T vs V curve. 

Two tool life vs feed curves are shown in Fig. 55 from page 82 of the 
Air Force Report. In order to understand the shape of these curves it is 
important to note that temperature is the most important item with regard 
to tool life, and that it is because of this that speed has such an important 


influence on life. Since feed has almost an equal affect on tool temperature 
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we should expect tool life to vary with feed in about the same way it 
does with speed. In Fig. 26 a diagramatic sketch was presented showing 
the general type of tool life curve obtained when feed is held constant 
and speed is varied. A similar curve such as:that of. Fig. 56 is to be 
expected if speed is maintained. constant while feed is varied. Depending 
on the speed of the. tests, different. parts of -this curve will be obtained. 
In Figs. (55a and b) the portions of the general curve of Fig. (56) are 
those marked A and B respectively. 

Very freguently.tool life is expressed:.in terms of the volume removed 
instead of time.. If Fig. (55a) is plotted on rectangular. coordinates in 
terms of tool life expressed in volume removed, a curve. as shown in Fig. (57) 
is obtained. It is customary to state that. the. optimum tool life 
corresponds to the maximum value indicated at. point A. Actually, we should 
determine the best feed from economic considerations just as we do for speed. 
An example of how this can be done was given in. Chapter 6. However, in 
this case the curve of T vs t was a straight line on a log-log plot. Since 
the curve in Fig. 55a is nonlinear a method. similar to that just used for 
the nonlinear speed curve must be applied. 

The cost optimum must lie to the right of point A in Fig. (55a) where 
in the expression t rs C 


the exponent n is just equal to one. If n 


a 1 
is determined for different values of t we may plot Tm (obtained from 


Ms 


equation (43) vs t for different values of the cost ratio R as shown in 
Fig. (58). Also show plotted in this figure is the T vs t curve from 
Fig. (55a). The optimum feed will correspond to. the point of intersection 
of the T and Tm curves. For example, assume the following cost values for 
the operation of Fig. (55a). 
x = Cost of machine and operator including overhead 
= $6 per hour or 10 ¢/min. 


T5 = Down time required to change tools =.2 min. 


Y = Average tool reconditioning cost = 80¢ 
then the value of the cost ratio (R) is 


bearer .Y 


x 


R = 10 
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From Fig. (58) the optimum feed is seen to correspond to .0096 ipr 
and this feed is indicated on Figs. (57) and (55a) by the letter B. 
Actually the speed corresponding to Fig. (55a) is only slightly higher 
than Vm which in this case is found to be about 40 fpm. It may thus be 
concluded that a speéd of 40 fpm and a feed of 0.009..ipr will correspond 
very closely to the cost optimum machining conditions for this combination 
of tool and work material. 

The influence of a change in R can be seen immediately from Fig. (58). 
If the tool regrinding cost (Y) were to increase to 180¢ then R would be 20 
and the best machining conditions would correspond to ae = 35 fpm and 
ts = .0085 ipr. | 

The curve of Fig. (55b) has a slope of one at point A for which t is 
about .014 in. The optimum feed will lie to the right of this point just 
as point B was to the right of point A in Fig. (55a) and (57). The optimum 
feed in this case will probably be .020 ipr or greater. However, the speed 
for Fig. (55b) is 250 fpm which is far above the optimum. For a value of 
R of 30 (carbide tool) the optimum speed Vis is found to be 143 fpm when 
the feed is .010 ipr from the appropriate equation of Table 19. The curve 
of Fig. (55b) should be redetermined for a speed.near 143 fpm. 

In recent paper before the ASME Fersing and Smith (12) have studied 
the machinability of Ti 150A at high speeds and feeds. The authors prefer 
to plot their tool life values in terms of square inches of surface machined 
in order, as they put it, not to unduly concern. the opérator with the short 
tool life values in minutes that are obtained at the high speeds recommended. 
However, in adopting this criterion for tool. life the authors make it impossible 
for their results to be compared with those.of others on an absolute basis, 
since the diameter of the workpiece is not stated. Another unusual feature 
of their tool life studies lies in the use of. the increase in the feed 
force (Fo) as the item used to determine tool life. The life of a tool 
by the procedure. is determined when the Fo force has increased 50 to 100%. 
The weakness of this. method lies in the fact that it fails when a tool craters 
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appreciably or when a large built-up edge is. present on the tool face. Under 


such conditions the force F 


Q 


frequently decreases. rather than increases 
with tool wear. 

Despite these limitations Fersing and Smith make some interesting obser-— 
vations. They observe distinctly parabolic. plots of wear land vs time for 
8647 steel as was found in this investigation for both 1045 steel and all 
titanium alloys. They state that a feed rate of .015 ipr was better than 
e022 ipr which in turn was better than .033 ipr. These statements are 
based on the total amount machined before. tool replacement and as such are 
consistent with the foregoing discussion of the Army feed data. They indicate 
best results with a side rake angle of minus..5°, but it should be kept in 
mind that this corresponds to cutting at high.power levels (high speeds and 
feeds). As in all machining the rake angle may be.increased with a decrease 
in power level. In the tests of this investigation the power level was 
Significantly lower while the best rake angle was-found to be between 
O° and plus 10°. | 

Fersing and Smith advocate either large SCEA (60°) with small nose 
radius (.010 to .020) or zero SCEA with very large nose radius (1/4 inch). 
In either case there is a large effective SCEA which distributes the load 
on the cutting edge over a greater distance and.lessens the tendency for 
chipping. This observation is worthy of note but it should be observed 
that it is usually easier to maintain and recondition tools with large 
SCEA's than with large nose radaii. Fersing and Smith found K-6 carbide 
superior to K-8 but their tests were at unusually high speeds. Softer 
carbides of the steel cutting type should prove better in the practical 
speed range for roughing as previously mentioned. In finishing operations 
where light feeds and very high speeds are the rule then carbides of the 
K-6 or K-8 type should prove of value. 

In a paper before the ASME in December 1953, representatives of the 
Cincinnati Milling Machine Company (13) emphasize the importance of the 
directional properties as produced by rolling upon the chip forming 
properties of titanium alloys. It was clearly demonstrated that when 
titanium sheet was very heavily rolled and not subsequently annealed, the 


chip shape was different depending on the direction of cut relative to the 
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direction of rolling. The bars used in turning investigations, however, 

will show no such drastic variation in texture since in their fabrication 
they are not so highly cold worked and. further the small strains present 

will be symmetrically distributed in the bar. 

It was also stated that. alloying action plays.a significant role in tool 
wear when titanium is machined. Experiments of the Dawihl (14) type, in 
which carbide and titanium specimens are held.in contact in vacuum for a long 
period at high temperature and then examined: for alloy. formation, were cited 
in support of this view. Cast iron grade carbides were found to form less 
brittle alloy layers than the steel cutting types. In -.interpreting such 
results it must be kept in mind that the particular area of chip is in contact 
with the tool a fraction of a second while it is necessary to have contact for 
several hours at chip temperatures to obtain. intermetallic diffusion and 
alloying action in vacuum experiments. 

Considerable work has been done on the machining of titanium at the 
University of Michigan by Professor Colwell and his. associates under an 
Army Ordnance. contract with the Watertown Arsenal (15). The emphasis in 
this work has been upon HSS tools. It was. found that.when unusual care 
was taken to provide a rigid set-up rake angles as high as 30° could be 
successfully.used. The results presented in Table 20 were obtained with a 
T-1, HSS tool under the following conditions: 


Tool Geometry: 0, 28, 6, 6, 6,.15, .010 
Feed: .006 ipr 
Depth of cut: .050 in. 


Table 20. HSS (T~1) Results Obtained at.University of Michigan (15) 


Material Empirical Equation aa © Wormt «i20l;ipr; b= .06 
Equation Veo 
Ti 130B yree’> . Ase _ yr°o!> = 30 22 
A) ea. 
tb 
Ti 150A wrt = 418 yr°2° = 33 22 
chee, 
18-8 S.S. yr°O85 _ 1:52 yr*085 ~ 37.5 62 
6°43, 217 
1045 Steel ypeOl _ Ae25 yr? = 103 85 
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The values of the exponent of T are seen to be in good. agreement with 
those of Table (15) of this investigation. The influence of b (the depth 
of cut) on tool life is seen to very slight. The values of Veo for the 
two titanium alloyg are also seen to be very close to the HSS value of 
Table 15. 

Improved results were obtained when the nose radius was increased to 
a value of approximately half the depth of cut (usually b/2 = 0.025 in). Water 
base cutting fluids were: found useful, including a 5% solution of sodium 
nitrite in Water. When such a solution which is very useful in grinding 
titanium alloys was tried in this investigation it was not found better 


or worse then other water base cutting fluids. 
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Fig. 1. Ultimate and yield stress Fig. 2. Variation of Young's 
values in tension for titanium Moculus of Elasticity and hardness 
alloys and 18-8 stainless steel with temperature for titanium 
tested at different temperatures alloy Ti-100A (data from ref.2). 


(data from ref. 1). 
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Fic. 7. Meyer hardness curves for titanium alloys and other metals. 
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Fig. 9. Rewelded discontinuous Fig, 10. Continuous titanium chip 
titanium chip. Work material, produced at 50 fpm. Tool face 
Ti 75A cut at 1 in/min; 120x. side of chip is on left. 
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Fig. 11. Variation of power 
component of cutting force 
ce) with speed at constant 
feed rate. Work material, 


Ti 140A; depth of cut, 0.06 el ot 

in; cutting fluid, none; tool if as 

materiel, K-6; tool geometry: 

0,6, 6, 6; .01. | F, 
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Fig. 13. Forces acting on tool point. 


Fig. 14. Type of wear data 
obtained by Burwell and Strang(7) Fig. 15. Development of crater and 


when two loaded surfaces were wear land on chip and clearance 
operated in sliding contact. faces of a tool respectively. 


log V 


Fig. 17. Nature of curve 
obtained when length of work 
traversed for given wear land 
(L*) is plotted against 
cutting speed (V) using log- 
log coordinates 


Fig. 16. Typical wear curves with 
distance of work traversing tool (L) 
plotted against size of wear land (w) 
for different constant values of 
cutting speed (V). 


DEPTH OF GUT =» GUTTING 
1 EDGE 


WEAR LAND 


CLEARANCE FACE 


Fic, 18, Plan view of clearance 

face of worn tool showing representa- 
tive variation of extent of wear 
land elong cutting edge with maximun 
wear lend w in the vicinity of 

point A. 


Fig. 19. Schematic wear 
curve for titanium 
cutting test where wear 
land (w) is plotted 
against distance (L). 
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Fig. 20. Wear curve for 
Ti 140A cut at 150 fpm 
using K-6 carbide tool. 
Feed, C.0104 ipr; depth 
of cut 0.06 in; cutting 
fluid, none; tool 
geometry: 0, 10, 5, 5, 
26 s2x100 65, 0, .015. Note 
DISTANCE L, ft. excessive chipping at 
point A. 
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Fiz. 21. Photograph of 
wear apparatus used to 
study the wear 
characteristics of 
titanium - tool 
material combinations. 
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CUM LD 2 tool and work components, 
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b.) Nature of wear scar 
left on tool specimen of 
diameter ad. 
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g. 23. Wear curve for 
K-6 carbide slider on 
Ti 140A specimen, 
Norme]. force (N) 7 lds; 
sliding speed, 170 fpm; 
fluid, none. 
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Fig. 24. Wear curve for K-6 carbide 


siider on Ti 140A specimen. Normal 
load (N), 7 10s., slide speed: A= 
85 fom, © = 140 fpm, ©=165 fopn., 
fluid, none. 


Fig. 28. 
method of measuring mean cutting 
tool tenperature. 
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Fiz. 25. Wear curve for different tool materials 
sliding on Ti 140A. Normal load (N), 9 lbs.; 
sliding speed, 150 fpm; fluid, none. 
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Fig. 26. Schematic 
representation of tool 
life ~ speed curve 
extending from very low 
to very high values of 
speed. 
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Fig. 29. Method of 
calibrating tool-—work 


thermocouples. 
are: YE a.) photograph 
oe Ye eto b.) schematic diagram 
: oa 
é 
@ 
on Jz ~ 
eo CHROMEL- 
p p eae) ALUMEL 
b.) 
20 
“0 
fe) 
S| 
= 
a 
os 


EMF 


1@) 
Fig. 30. Calibration 
curves for representa- 

5 tive tool-work thermo- 
couple combinations. 
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Fie. 20 
(continued) 


Work materials: 


Curves (1) Ti-75A4 


wt 


(2) Ti-1004 
(3) Ti-140A 
(4) SAE 1045 steel 


Tool materials: 
Plot (a) K-6 carbide 


Cb) ek=25 9 tt 
(c) K-8 " 
(a) T-1 HSS 
(2) M-2 HSS 
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Fig. 31. General view of low speed cutting apparatus showing two channel 
strain recorder on left and milling machine in foreground. 
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Fig. 32. Close-up view of tool, workpiece, and dynamometer used in 
low speed cutting tests. 
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Fic. 23. Variation of 
energy per unit volume 
with depth of layer 
removed (t). Tool 
materiel, 18-4-1 HSS. 
a.) For Ti 140 A. 

b.) For C1112 steel 
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Fig. 24. General 
view of apparatus 
used in turning 
studies. 
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Fig. 35. Method used to 
exanine tool faces in 
tool wear studies. 


Fiz. 36. Macroscopic chip pictures. 
ae) Test 1 - Ti 140A cut at 150 fpm, 0.0104 ipr feed 
Db.) Test 2 — Ti 140A cut at 100 fom, .0052 " " 
ce) Test 3 - 1045 steel cut at 100 fpm, 9.0052 ipr feed 
d.) Test 4- 1045 " nm 150 fpm, .0104 " " 


VA 


ce) 


Fig. 37. Microscopic chip pictures 


Py petest 2 Ti LAOA cut at 150 fom, 0.9104 ipr feed 
peyeeteatee ri 140A cut at 100 fpm, .0052 * i" 

c.) Test 3 - 1045 steel cut at 100 fpm, 9.0052 ipr feed 
dpa test 4+ 1045." " 150 fpm, .0104 " " 
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Fig. 38. Reproductions of 
plastic replicas of machined 


Ti 140A and 1045 steel 
surfaces. Magnification, 10x 
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Fig. 39. Representative 
wear lend curves for 
Ti 140A and 1045 steel. 
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Fig. 40. Representative tool life data for Ti 140A and SAE 1045 steel. 
Tool material: K-6 carbide (Ti-140A) and K-2S carbide for SAE 1045 steel; 
feed, 0.0104 ipr.; depth of cut 0.960 in. Tool geometry: 0, 0, 5, 5, 9, 
0.915; cutting fluid, none. 
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Fig. 41. Diagramatic 


representation of general 
tool life curve. 


TOOL LIFE, T, min. FOR .O1S" WEAR LAND 
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Fis. 42. Comparison of tool life results for 
Ti 140A and 1045 steel cut at 20 fpm using 
carbide and HSS tools. Tool material, 

HSS = 18-4-1, carbide = K-25 cutting fluid, 
none; feed, .O104 ipr; depth of cut 9.06 in. 
LOOumebOma try Oi eUa 5 Say. 54° 5°, 0». 015 ine 


Fig. 43. Photographs of worn tools. Upper yiew, shows chip face, lower 
view shows clearance face. Tool geometry: 0,0,5,5,5,0, 0.015. 


a.) K-~6 carbide tool used to b.) K-2S carbide tool used to 
cut titanium alloy at cut 1045 steel at 485 fpm; feed, 
345 fom; feed, 0.0104 ipr; 0.0104 ipr; depth of cut, 060 in; 
depth of cut 0.06 in., wear land, 0145 in.; cutting 
wear land, 0.014 in., fluid, none. 


fluid, none. 
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Fiz. 49. Cutting 
Characteristics of 
several titanium alloys. 


Fig. 51. Machinability 
characteristics of 
titanium alloys contain- 
ing added oxygen and 
carbon at 345 fpm cutting 
speed. 
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Pit. 526 


a.) 
b.) 


K-6 carbide tool 
feed, .9104 ipr; 
fluid, none. 

K-~6 carbide tool 
feed, .9104 ipr; 
none. 

%-4 carbide tool 
feed, .O104 ipr; 
none. 


Photographs of worn tools. Tool geometry: 0, 0, 5, 5, 5, 0.915. 
K-25 carbide tool used to cut 1045 steel at 485 fpm; feed, .9104 ipr; 
depth of cut, 0.06 in; wear land, .0145 in; cutting fluid, none. 


used to cut heat number 5090 titanium alloy at 345 fpm; 
depth of cut, .960 in; wear land, .914 in; cutting 


used to cut heat number 5090 titanium alloy at 345 fpm; 
depth of cut, .060 in; wear land .0195; cutting fluid, 


as to cut heat number 5099 titanium alloy at 345 fom; 
depth of cut .960 in; wear land .915 in; cutting fluid, 
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Fic. 53. Tool life curve for RC 130B. 
(382 BHN) cut with 78 carbide tool; 
0, 6, 5, 5, 6, .040; feed, 0.009 ipr; 
depth of cut, 0.962 in; cutting fluid, 
none; wear land, 0.015 in. (From Air 
Force Report, reference 11). 
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Fig. 54. Plot for determining 
economic speed corresponding 


to data of Fig. 52. 


Tool life curves from Air 


Force Report (reference 11). 

a.) Work, Ti 140A; tool, T-1 HSS; 
geometry, 0, 15, 0, 5, 5, 0.005; 
cutting speed, 50 fpm; depth of 
cut, 9.062 in; cutting fluid, 
soluble oil, 1 to 25; wear land, 
0.06 in. 

b.) Work, Ti 150A; tool, K-6 carbide; 
geometry, 0, 6, 6, 6, 6, 040; 
cutting speed, 250 fpm; depth of 
cut, 0.062 in; cutting fluid, none; 
wear land, 0.015 in. 
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Fig. 56. Schematic representa- Fig. 57. Fig. (55a) replotted 
tion of general variation of on rectangular coordinates with 
tool life with feed rate when tool life expressed as volume 
cutting speed is held constant. of metal removed. 
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Fig. 58. Plot for determining economic feed 
corresponding to data of Fig. (55a). 
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